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Summary

Thermal e�ects have been assessed on a non-
watercooled, ow-through balance with exhaust gas
simulation and external aerodynamic heating. The
purposes of this investigation were twofold: �rst,
to determine whether accurate force and moment
data could be obtained during hypersonic wind
tunnel tests of a model with a scramjet exhaust
ow simulation that employs a representative non-
watercooled, ow-through balance; second, to ana-
lyze temperature time histories on various parts of
the balance to address thermal e�ects on force and
moment data. A stainless steel model of a hyper-
sonic, airbreathing-propulsion cruise missile concept
(HAPCM-50) was used to evaluate this balance. The
tests were conducted in the NASA Langley Research
Center 20-Inch Mach 6 Wind Tunnel at free-stream
Reynolds numbers of 0.5 to 7:4�106/ft and at nom-
inal angles of attack of �3:5�, 0�, and 5�. The sim-
ulant exhaust gases included cold air, hot air, and
a mixture of 50 percent each by volume of Argon
and Freon (Ar-Fr) and reached stagnation tempera-
tures within the balance of 111�, 214�, and 283�F,
respectively. Throughout the tests on this model,
normal and side forces as well as yawing, rolling,
and pitching moments were una�ected by the bal-
ance thermal response from the simulant gases and
the high-temperature wind tunnel ow. However,
the axial-force measurements were signi�cantly af-
fected by balance heating; the average zero shifts in
these measurements were 2.1, 4.6, and 6.4 percent
of full scale for the cold-air, hot-air, and Ar-Fr ex-
haust simulations, respectively. This investigation
showed that for this model at the conditions tested,
a nonwatercooled, ow-through balance is not suit-
able for axial-force measurements during scramjet
exhaust ow simulation tests at hypersonic speeds.
In general, a heated exhaust gas may produce un-
acceptable force and moment uncertainties when
used with thermally sensitive balances. However,
the axial-force shifts may be reduced if the forward
and aft sections of the axial-force bridge circuit are
calibrated independently.

Introduction

The current renewed interest in hypersonic air-
breathing vehicles such as the National Aero-Space
Plane (NASP) has focused attention on the accuracy
and suitability of hypersonic test methods for assess-
ing aerodynamic performance of this class of vehicles.
Wind tunnel tests of entire hypersonic-vehicle con-
�gurations that employ supersonic combustion ram-
jet (scramjet) engine simulation are of particular in-
terest. Scramjet engine simulation is essential for

evaluations of the powered aerodynamic performance
because the entire underside surface of these vehi-
cles is highly integrated with the propulsion system.
Speci�cally, the forebody surface compresses the ow
before it reaches the inlet, and the aftbody surface is
an extension of the nozzle to expand the ow and to
provide for maximum thrust and pitching-moment
trim (ref. 1). A primary hypersonic aerodynamic
performance parameter for this class of vehicles is
the di�erence between vehicle thrust and drag forces.
Therefore, accurate measurement of the axial force is
critical to estimations of aerodynamic performance.

However, duplication of scramjet engine operation
is not feasible for wind tunnel models because the
combustion process is not geometrically scalable and
the high stagnation pressures and temperatures nec-
essary to sustain combustion are di�cult to obtain
in existing wind tunnels (ref. 2). The dilemma posed
by the need for simulating scramjet engine opera-
tion and the impracticality of scaling a scramjet com-
bustor has led to the use of a substitute cold (non-
combusting) gas to simulate the scramjet exhaust.
(See ref. 3.) This technique is acceptable for match-
ing the desired pressure distribution over the exter-
nal nozzle; thus, scramjet engine e�ects upon vehicle
aerodynamic forces and moments are well simulated.

Under the direction of NASA Langley Research
Center, a survey was conducted to determine po-
tentially suitable methods for obtaining aerodynamic
data on hypersonic wind tunnel models with scramjet
exhaust ow simulation (ref. 2). The most e�ective
method involves a ow-through, strain gauge force
balance that provides a passage within the model for
the simulant scramjet exhaust gas. Based on this
conclusion, a balance was designed and fabricated
at the Langley Research Center in 1980 (before the
current study) that used inner and outer concentric
tubes. The inner tube provides a passage for the
simulant scramjet exhaust, which is injected into the
model and exhausted through the scramjet nozzle.
(See �g. 1.) The balance is directly exposed to the
elevated temperatures of the simulant gas and indi-
rectly a�ected by aerodynamic heating of the model;
therefore, temperature sensitivity problems of ow-
through balances are a major concern. During cal-
ibration, the balance is heated uniformly to typical
operating temperatures, so that temperature gradi-
ents within the balance are not included in the cali-
bration process. Typically, balances are watercooled
to suppress temperature gradients. However, geo-
metric constraints preclude the use of watercooling
for ow-through balances in small-scale hypersonic
wind tunnels. Because ow-through balances are di-
rectly exposed to the simulant gas, convective heat



transfer from this gas will develop temperature gradi-
ents within the balance that may signi�cantly a�ect
balance accuracy.

During the tests, a mixture by volume of 50 per-
cent Argon and 50 percent Du Pont Freon 12 (Ar-Fr)
was used to simulate scramjet exhaust. At the mod-
erate temperatures possible in hypersonic wind tun-
nels, this substitute gas yields nozzle pressure distri-
butions that closely approximate those of hydrogen
and air combustion products (ref. 3). However, be-
cause Freon 12 is hazardous to the environment, the
use of this product as a scramjet exhaust simulant gas
has since been discontinued. Because the simulant
gas replaces the scramjet exhaust, the inlet airow
must bypass the combustor nozzle. Otherwise, the
mixture of inlet airow and simulant gas would have
unknown composition and expansion characteristics.
To accommodate this problem, a fairing was attached
to divert the airow around the inlet. This method
was more acceptable than an operable inlet because
the model geometry could not accommodate the in-
gestion of inlet airow and the simultaneous ejection
of scramjet exhaust simulant. In addition to the ef-
fects of the simulant gas on internal heating, external
aerodynamic heating can also adversely a�ect the ac-
curacy of a nonwatercooled balance. Hence, the ac-
curacy of the balance without exhaust gas simulation
was also investigated.

This research was performed under the cooper-
ative hypersonic program between the Langley Re-
search Center and the North Carolina State Univer-
sity. A master's thesis resulted from this e�ort and is
noted as reference 4. The test was conducted in the
NASA Langley 20-Inch Mach 6 Wind Tunnel. This
paper presents the details and results of the experi-
mental investigation to evaluate the thermal e�ects
on a ow-through balance with scramjet exhaust ow
simulation.

Nomenclature

A axial-force strain gauge (�g. 8(a))

Ar Argon

FA axial-force balance measurement, lb

FN normal-force balance measurement,
lb

FY side-force balance measurement, lb

Fr Freon 12

M Mach number

MX rolling-moment balance
measurement, in-lb

MY pitching-moment balance
measurement, in-lb

MZ yawing-moment balance
measurement, in-lb

N1 forward normal-force strain gauge
(�g. 8(a))

N2 aft normal-force strain gauge
(�g. 8(a))

p pressure, psia

q dynamic pressure, psia

R1 free-stream Reynolds number, 1/ft

RM rolling-moment strain gauge
(�g. 8(a))

S1 forward side-force strain gauge
(�g. 8(a))

S2 aft side-force strain gauge (�g. 8(a))

T temperature, �F or �R

T thermocouple

� angle of attack, deg

Subscripts:

o tunnel stagnation conditions

st total conditions in simulant gas
storage vessel

tj total (stagnation) jet plenum
conditions

1 free-stream conditions

1; 2; : : : ; 8 balance locations for thermocouples
and strain gauges (�g. 8(a))

Experimental Apparatus and Methods

Test facility

This investigation was conducted in the 20-Inch
Mach 6 Wind Tunnel, which is the hypersonic blow-
down facility shown in �gure 2. This facility em-
ploys an adjustable second minimum and exhausts
either to vacuum spheres or to the atmosphere with
the aid of an annular air ejector. Air is transferred
from a 4250-psia tank �eld to a 600-psia reservoir
supply with a storage capacity of 42000 ft3 and is
heated to 1000�R by an electrical resistance heater.
An activated alumina dryer provides a dewpoint tem-
perature of 419�R at a pressure of 600 psia. The
operating conditions for the tunnel are stagnation
pressures of 30 to 525 psia, stagnation temperatures
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of 810� to 1018�R, and free-stream Reynolds num-
bers of 0.5 to 9:0 � 106/ft. The wind tunnel has
a two-dimensional, �xed-geometry, contoured nozzle
that is 7.45 ft long. The test section is 20.5 by 20 in.
and is �tted with two quartz windows for schlieren
observation that are 17 in. in diameter. Typical run
times are 5{10 min when the air exhausts to vacuum
spheres, depending on free-stream Reynolds number,
and 20 min when the air ejects to the atmosphere.
A detailed description of this tunnel is presented in
reference 5.

The 20-Inch Mach 6 Wind Tunnel has upper and
lower injection systems within the test section. The
upper injection system was used to inject a ow �eld
pressure probe while the model was mounted on the
lower injection system. This lower injection system
includes a manually operated, remotely controlled
model support system. Injection time of the model
is approximately 1 sec with a maximum acceleration
of 2g for force tests.

The 20-Inch Mach 6 Wind Tunnel was selected
for this research e�ort because it has an existing
propulsion simulation gas supply system. That sys-
tem, which consisted of a heated 22-ft3 pressurized
storage vessel, pumps, gas bottle manifolds, and con-
trol valves, supplied the simulant gas to a connection
at the rear of the sting support strut. The storage
vessel was evacuated with a vacuum pump before it
was �lled. For the simulant gas tests, the storage
tank contained approximately 220 lb of 50 percent
each by volume of Argon and Freon 12. This mix-
ture was heated to 500�F with a �nal tank pressure
of 1390 psia. Model plenum pressure was remotely
controlled from a regulator valve during each run.
Typical powered test run times were 1{3 min when
the model plenum stagnation pressure was approx-
imately 20 psia. Further details of the propulsion
simulation system are presented in reference 6.

Model

The stainless steel HAPCM-50 model was 26 in.
long by 6 in. high by 6 in. wide. Two con�gurations
of the HAPCM-50 model were evaluated during this
investigation. One was an unpowered con�guration
(that excluded the wing, stabilizers, fairing, and
scramjet engine as shown in �g. 3), the other was
a powered con�guration (that excluded the wing and
stabilizers but included the engine and fairing as
shown in �g. 1). The model was tested without its
lift and control surfaces so that the balance thermal
sensitivity could be isolated from force and moment
increments created by those surfaces. An installation
photograph of the HAPCM-50 powered con�guration

in the 20-Inch Mach 6 Wind Tunnel is shown in
�gure 4.

Instrumentation

Langley balance 2042 was the six-component,
nonwatercooled, ow-through strain gauge balance
used in this study. Figure 5 shows the assembly
drawing for balance 2042, including the metric and
nonmetric portions. The balance was constructed
with inner and outer concentric tubes, as shown in
�gure 6. The outer tube was machined near each
end to form strain gauge beams necessary for force
measurement. The outer tube included two annular
beams (see �gs. 6 and 7) that measured axial force
and eight rectangular beams that measured the re-
maining balance components. The inner and outer
balance tubes were attached at the ends of the outer
tube beyond the strain gauge beams. The model was
attached to the \free-oating" metric section of the
outer balance tube (�g. 6), which translated relative
to the inner tube when an axial load was applied.
The axial force was measured by eight strain gauges
that were mounted on the surface of the two annu-
lar beams outside the balance lands. These beams
restrained the movement of the free-oating section
of the outer balance tube when an axial load was
imparted on the model. The inner tube provides a
passage for the simulant gas that ows through the
hollow sting, into the balance, and out four circular
ports near the midpoint of the balance and perpen-
dicular to the incoming ow. (See �g. 1 for simu-
lant gas ow path.) Then, the gas is collected in
the plenum of the model and directed through the
scramjet nozzle. To reduce the thermal e�ects of the
simulant exhaust gas upon the balance, a sleeve made
of Bakelite, a product of Union Carbide Corporation,
was inserted into the inner balance tube.

In addition, when Langley balance 2042 was fabri-
cated, it possessed two stainless steel bellows as non-
loadbearing members to keep the simulant exhaust
gas inside the inner tube from escaping around the
four ow ports, thereby reducing the thermal and
pressure impact on the strain gauges. Four O-rings,
together with the bellows, isolate any pressure di�er-
ence between the metric and nonmetric parts of the
balance, both fore and aft, and allow the beams to
carry the full loads for �ve of the six force and mo-
ment components. The bellows are exible enough
in normal, axial, and side forces as well as pitch-
ing and yawing moments, to keep the associated me-
chanical e�ects below the balance sensitivity. How-
ever, the bellows do absorb approximately 32 percent
of the rolling moment. The temperature e�ects at-
tributable to the bellows were negligible, but the
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bellows do provide a signi�cant amount of mass for
heat transfer to occur, either from the simulant gas
or from aerodynamic heating.

Wheatstone bridge strain gauge circuits were used
in Langley balance 2042 to measure the normal-force,
side-force, yawing-moment, pitching-moment, and
rolling-moment components of the vehicle. Strain
gauge locations and circuit diagrams are shown in
�gures 8(a) and (b), respectively. To improve bal-
ance measurement accuracy and to negate the inter-
actions of other forces and moments, four active
strain gauges were mounted on the top and bot-
tom of two rectangular beams for each bridge cir-
cuit that measured these components. The volt-
age output of a wheatstone bridge is based upon a
comparative measure of resistances within the circuit
(ref. 7); thus, uniform temperature increases of the
strain gauges within a bridge or uniform thermal ex-
pansion of the beams that support these gauges will
not a�ect bridge output. Therefore, only tempera-
ture variations within a particular bridge structure
will a�ect the measurement of this component. To
obtain the normal-force and pitching-moment com-
ponents, the measurements of bridges N1 and N2
(�g. 8(a)) were added and subtracted, respectively.
Similarly, the side-force and yawing-moment compo-
nents were obtained by adding and subtracting the
measurements of bridges S1 and S2, respectively. Be-
cause of the complexity of measuring axial force, a
double wheatstone bridge circuit with eight active
strain gauges was used. As shown in �gure 7, these
strain gauges were mounted on the surface of the an-
nular beams. In addition, eight thermocouples were
mounted within the balance to measure the temper-
ature variations within the balance. As shown in �g-
ure 8(a), thermocouples T5 and T7 were adjacent to
the axial-component strain gauge bridge and thermo-
couples T1 and T2 were adjacent to the normal-force,
side-force, and rolling-moment strain gauge bridges.
Thermocouples T3, T4, T6, and T8 were mounted
on the annular beam. These thermocouples should
also reveal the heat transfer from the model to the
balance.

The thermal sensitivity of Langley balance 2042
was determined by calibration in a thermally con-
trolled oven in which the balance was heated uni-
formly to 180�F. Then, the drift in the voltage output
of each bridge circuit was adjusted by the addition of
segments of temperature-sensitive wire to the appro-
priate circuits; this drift had been caused by slight
variations in the resistivities of the strain gauges
within a particular circuit. Thereafter, the bal-
ance primary sensitivity was veri�ed at 180�F dur-
ing temperature calibration. The sensitivity of the

balance was 0.5 percent of full-scale (maximum) load,
which is typical for most balances. As indicated by
the sensitivity, the balance was unable to accurately
measure forces and moments less than 0.5 percent
of full scale. The full-scale loads for the six balance
components are listed in table I. Thus, the balance
sensitivity was una�ected by uniform temperature
increases.

Table I. Load Limits on Langley Balance 2042

Force:

FN, lb . . . . . . . . . . . . . . 100

FA, lb . . . . . . . . . . . . . . 20

FY , lb . . . . . . . . . . . . . . 50

Moment:

MY , in-lb . . . . . . . . . . . . 200

MX, in-lb . . . . . . . . . . . . 100

MZ, in-lb . . . . . . . . . . . . 100

Results and Discussion

Experimental Test Procedure

The balance heating e�ects were evaluated
through the tunnel stagnation pressure range of 30
to 475 psia and the stagnation temperature range
of 410� to 475�R. These conditions correspond to
free-stream Reynolds numbers in the 20-Inch Mach 6
Wind Tunnel of 0.5 to 7:4 � 106/ft. For the pow-
ered con�guration, three simulant exhaust gases were
tested in the model|cold air, hot air, and Ar-Fr. For
the cold- and hot-air simulant gas tests, the simulant
gas storage vessel contained approximately 100 lb
of air at 1500 psia. The stagnation temperatures
of the cold and hot air were 200� and 500�F, re-
spectively. The simulant gas ow rate was remotely
controlled to maintain a plenum stagnation pressure
of 20 psia. The test matrix in table II provides a
detailed description of the test conditions.

During each run, the model was mounted on
a sting-support strut and was injected into the
airstream after the tunnel ow was established. This
normal operating procedure prevents possible dam-
age to the force balance from large transient loads
when a starting shock wave passes through the test
section of the tunnel with the model positioned there.
For the powered simulation tests, the simulant gas
ow began after the model was positioned within
the test section. The stagnation temperature and
pressure of the simulant exhaust gas were measured
within the plenum of the simulated scramjet engine.
For each test, time histories of the balance tempera-
tures and the six force and moment components were
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monitored and recorded. In addition, the base pres-
sures and chamber pressure of the model were mea-
sured by 20- and 50-psia transducers, respectively,
to exclude those contributions to the overall balance
forces and moments.

Table III provides the data from this test in tabu-
lar format. Each run outlined in table II is presented
with time as the dependent variable and contains
the corrected force and moment balance measure-
ments (including sting-balance deections and base-
chamber pressure corrections) as well as the time his-
tories of the balance thermocouple measurements.
Because the concern was evaluation of the ow-
through balance and not vehicle performance, the
force and moment data are presented in engineering
units.

Balance Thermal E�ects Without

Simulant Gas Flow

Acquisition of complete con�guration aero-
dynamic forces and moments with the scramjet en-
gines properly simulated requires that the ow-
through balance be used to measure the forces and
moments with and without simulant gas ow. The
aerodynamic heating at the surface of the model may
a�ect the balance measurements when the balance
is not watercooled. Hence, the balance thermal ef-
fects attributable to aerodynamic heating were eval-
uated for two con�gurations of the HAPCM-50, the
unpowered con�guration and the powered con�gura-
tion without simulant gas ow. Zero shifts in balance
components from thermal and other e�ects are de-
�ned as the di�erence between the wind-o� balance
measurements before model injection and after model
retraction with the tunnel at atmospheric pressure.
In general, the zero shifts should indicate the accu-
racy of the six balance measurements during a partic-
ular test. To correlate zero shifts in the balance mea-
surements with balance temperatures, time histories
of various balance temperatures and three balance
measurements were evaluated for various Reynolds
numbers and angles of attack.

To understand the thermal e�ects of external
aerodynamic heating upon the balance measure-
ments, a qualitative analysis of heat transfer within
the model and balance is necessary. Basically, the
aerodynamic heating on the model was conducted
through the surface and entered the balance primar-
ily through the balance lands. (See �g. 7.) Once
inside, the heat was trapped by the axial web struc-
ture (see �g. 6), which included an annular beam
and four 1/16-in. rectangular beams that connect the
ends of the outer tube to the center of the balance.
The narrow passages of these beams e�ectively trap

the heat that enters through the lands. As a result,
the temperatures within the center of the outer tube
increased for the high-pressure runs (R1 = 7:43 �
106/ft), as illustrated by the time histories of thermo-
couples T5 and T8 in �gure 9. Because of the web
structure, the heat transfer rate was signi�cantly re-
duced within the forward and aft ends of the balance
and the temperature increased only moderately at
the ends. In general, the temperature increase within
the ends of the outer balance tube was 70 percent
less than the temperature increase near the balance
lands, as demonstrated by thermocouples T1 and T2

in �gure 9. Therefore, the strain gauge bridges that
were closest to the balance lands should be most af-
fected by aerodynamic heating at the surface of the
model for the axial-force measurement FA.

For the unpowered tests, the normal force FN ,
side force FY , pitching moment MY , rolling moment
MX, and yawing moment MZ were una�ected by
aerodynamic heating, as shown in �gure 10 (longitu-
dinal data only). The maximum zero shift for any
of these measurements was 0.5 percent. Table IV
illustrates this situation for FN and MY . Because
the balance sensitivity was 0.5 percent of full scale,
the zero shifts were negligible. Conceivably, these
balance measurements were una�ected by the aero-
dynamic heating at the model surface because of
the location and structure of their respective strain
gauge bridges|these bridges were at the ends of the
outer balance tube; hence, they were more isolated
from the e�ects of aerodynamic heating than the oth-
ers. The temperature increase for the highest aero-
dynamic heating (R1 = 7:47 � 106/ft) near these
bridges (thermocouples T1 and T2) was much smaller
than temperature increases near the lands. The
maximum temperature increase in thermocouples T1

and T2 was 11� and 1�F, respectively. However,
near the balance lands, the maximum temperature
rise was 35�F. The strain gauges in each bridge cir-
cuit were mounted circumferentially at a given cross-
sectional plane of the balance; thus, only circumfer-
ential temperature gradients will a�ect these balance
measurements. Unfortunately, only one thermo-
couple was placed at the forward and aft locations of
these bridges (�g. 8(a)), so the circumferential tem-
perature gradients could not be measured. Although
the measurements of FN and MY required outputs
from two bridges at opposite ends of the balance
(bridges N1 and N2 in �g. 8(a)), these bridge mea-
surements were independent of each other. There-
fore, axial temperature gradients within the balance
will not a�ect these measurements, nor will they af-
fect the measurements of FY and MZ . In short,
FN , FY , MY , MX , and MZ were una�ected by
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aerodynamic heating at the model surface because
their respective bridge circuits are isolated from the
aerodynamic heating.

Ideally, the ow-through balance FA should be
una�ected by axial temperature variations as well.
The free-oating design of the outer balance tube and
the structure of the axial-component bridge circuit
should minimize the sensitivity of FA to axial tem-
perature variations. Recall that the double bridge
circuit that measures axial force included eight strain
gauges mounted on two annular beams. (See �gs. 7
and 8.) The two sections of this circuit are mounted
on the forward and aft annular beams. This cir-
cuit electrically averages the resistances of the strain
gauges under tensile strains and averages the gauges
under compressive strains. For example, when a posi-
tive axial load is applied to the balance, strain gauges
A1, A3, A5, and A7 (�g. 8(a)) undergo tensile strains
as the remaining gauges are compressed. This double
bridge circuit uses a comparative measure of the re-
sistances within the circuit to obtain the voltage out-
put (like the wheatstone bridge circuits of the other
balance components). Hence, provided the temper-
ature in each annular beam increases uniformly, the
voltage output of the double bridge circuit will be un-
a�ected by thermal expansion of the annular beams.

Unlike the other balance components, the axial-
force measurements were a�ected by aerodynamic
heating at the model surface, as shown in ta-
ble IV. The magnitude of the zero shifts in the ax-
ial component for the unpowered con�guration var-
ied from 0.7 to 4.7 percent for the low-pressure
runs (R1 � 4� 106/ft). For the high-pressure runs
(R1 � 7� 106/ft), these shifts ranged from 3.1
to 10.4 percent. Typically, zero shifts are representa-
tive of the variation in balance measurements during
a test. In a few instances, however, the zero shifts
in FA for the ow-through balance were not repre-
sentative during the run, caused in part by the time
that had elapsed between when the model was re-
tracted from the test section and when the tunnel re-
turned to atmospheric pressure. This additional time
allowed the heat to redistribute within the model
and balance, thus a�ecting the axial-component zero
shift, which was measured after the tunnel reached
atmospheric conditions.

Determination of the balance thermal e�ects of
FA during the tests required that the shift in ax-
ial force be tabulated between the time of model in-
jection and retraction for each test, as shown in ta-
ble V. However, the measurement immediately after
model injection was excluded because vibrations of
the model, sting, and balance may a�ect the balance
measurements. Instead, the measurement 5 sec after

injection was used to de�ne the axial-force shift dur-
ing the run. During the low-pressure runs, the mag-
nitude of the shift ranged from 0.3 to 1.4 percent ;
for the high-pressure runs, this shift varied from 1.8
to 4.2 percent. As expected, as the free-stream
Reynolds number increased from 0.5 to 7 � 106/ft
(po increased from 30 to 475 psia), the aerodynamic
heating at the model surface increased, but the aero-
dynamic heating for R1 < 1 � 106/ft had a neg-
ligible e�ect on FA. The balance temperatures did
not increase more than 2�F, and the axial-force shifts
were less than balance sensitivity. As illustrated in
�gures 11 and 12, the balance temperatures were es-
sentially constant in both unpowered and powered
con�gurations for R1 � 0:5 � 106/ft. However, for
R1 � 7 � 106/ft, the aerodynamic heating signi�-
cantly a�ected FA. As shown in �gures 13{15, the
balance temperatures adjacent to the balance lands
(thermocouples T5 and T8) increased by 20� to 30�F.
Furthermore, the corresponding axial-force measure-
ments for the unpowered con�guration at � = 0�

and 5� shifted by 4.2 and 2.8 percent, respectively,
while in the ow, as shown in �gures 14 and 15.

In all the runs without gas simulation, FA de-
creased throughout the tests. For this ow-through
balance, a 1-percent shift in the force and moment
measurements was considered acceptable. Therefore,
the axial-force measurements of the ow-through bal-
ance for R1 � 1� 106/ft were acceptable through-
out these tests (approximately 80 sec). However,
this measurement on the HAPCM-50 was not ac-
ceptable for the runs in which R1 > 1 � 106/ft,
which lasted to 110 sec. So, unlike the other �ve
balance components, the axial-force measurements of
the ow-through balance were adversely a�ected by
aerodynamic heating at the model surface.

Because the outer balance tube was a free-oating
design, nonuniform thermal expansion caused by ax-
ial temperature variations would not have a�ected
FA if the balance were ideally constructed. For ex-
ample, aerodynamic heating causes the center of the
outer balance tube to expand while the inner balance
tube and the ends of the outer balance tube remain
thermally isolated because of the web structure de-
signed into the outer balance tube. The free-oating
section of the outer balance tube remains in static
equilibrium, so the axial force on the two annular
beams from thermal expansion will be equal in mag-
nitude and opposite in direction. If the balance engi-
neers designed the two annular beams with the same
geometry, material properties, and strain gauge lo-
cations, the resistance measurements of the forward
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and aft sections of the double bridge circuit would
be una�ected by axial thermal expansion. However,
the geometry of the annular beams is only as ac-
curate as the tolerances of the balance design. For
this case, the thickness (and tolerance) of the an-
nular beams was 0.0253 � 0.0005 in. The strain at
the surface of an annular beam is known to be in-
versely proportional to the moment of inertia about
the bending axis. For the most extreme case, the
thicknesses of the two annular beams correspond
to the upper and lower values including tolerance,
namely, 0.0248 and 0.0258 in. For these two thick-
nesses, the moments of inertia for the beams about
the bending axis would di�er by 11 percent; there-
fore, the strains at the surfaces of the two annular
beams could di�er by the same amount. As a result,
the axial loads caused by nonuniform axial thermal
expansion of the balance may not cancel within the
double bridge circuit.

Two possible improvements could have been in-
corporated to eliminate the sensitivity of the ow-
through balance to axial temperature gradients. One
improvement could have been stricter tolerances for
the machined annular beams. The better and more
e�ective alternative would be an additional step in
the calibration of the ow-through balance, during
which the voltage outputs of the forward and aft sec-
tions of the double bridge circuit would be measured
separately when an axial load is applied. Essentially,
this measurement would indicate whether the strains
at the surface of both annular beams were of equal
magnitude. Resistive wire could then be added so
that the circuits would have the same sensitivity. As
a result, the axial forces on the two annular beams
from axial thermal expansion would not a�ect the
axial-force measurement of the ow-through balance.

The combined e�ects of axial bridge location
and structure that resulted in thermal sensitivity
of the axial component have been discussed. The
strain gauge bridge circuits of this component were
mounted in the annular beams that were the clos-
est force-measuring structures to the balance lands.
(See �g. 8(a).) This region had the highest heat
transfer rates because the balance lands were the
primary path of heat conduction into the balance.
Both thermal expansion of the outer tube and cir-
cumferential temperature variations within the an-
nular beams probably caused axial-force shifts. For
the high-pressure runs, the temperature in the free-
oating section of the outer balance was 15�{20�F
higher than the rest of the balance near the end
of the runs. The thermal expansion of this sec-
tion produced equal and opposite axial forces on the

two annular beams that measured axial force. The
strains within the two sections of the axial bridge
circuit might not have canceled, which would a�ect
FA. As each run progressed, the thermal expansion
of the free-oating section increased with tempera-
ture (thermocouples T5 and T8) which resulted in
an axial-force shift that may have increased because
of this expansion. (See �gs. 14 and 15.) At the
end of the high-pressure runs, an 8�F temperature
variation was measured within this annular beam;
as a result, the thermal expansion was not uniform.
Because the bridge circuit can compensate only for
uniform changes in the resistances of strain gauges
within each of the two sections of the axial dou-
ble bridge circuit, the temperature variations within
the forward annular beam contributed to the shift
in FA. Also, because the annular beams were not
heated uniformly, the circumferential temperature
varied in the free-oating section of the outer balance
tube. These temperature variations could cause non-
uniformities in the thermal expansions of the 1/16-in.
rectangular beams. This variation would also con-
tribute to axial-force shifts by deecting the annu-
lar beams nonuniformly. In conclusion, the axial-
force measurements of the ow-through balance were
signi�cantly a�ected by circumferential temperature
variations near the annular beams and possibly by
thermal expansion of the free-oating section of the
outer balance tube.

In typical hypersonic force and moment tests
without simulant exhaust gas, the balances are
watercooled; hence, balance thermal e�ects do not
restrict the run times. Because packaging limi-
tations a�ected the ow-through balances, Lang-
ley balance 2042 was not watercooled; thus, bal-
ance thermal e�ects restricted the allowable length
of runs with a ow-through balance. For the hy-
personic test method used for the HAPCM-50, the
balance measurements were considered accurate to
a shift of 1 percent of full scale. The axial-
force shifts increased as each run progressed, so
the time span could be obtained for accurate mea-
surements. Based on a 1-percent shift, the axial-
force measurements on the HAPCM-50were accurate
throughout the entire run when R1 � 1� 106/ft.
For 1� 106/ft < R1 � 4� 106/ft, the axial-force
balance measurements were accurate within 30 sec of
model injection, the balance temperatures for these
tests having begun to increase 20{25 sec after injec-
tion. The more pronounced aerodynamic heating at
R1 � 7 � 106/ft caused the balance temperatures
to rise only 10 sec after model injection. As a re-
sult, these measurements were accurate only to about
20 sec after injection.
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Balance Thermal E�ects With Simulant

Gas Flow

The main objective of this investigation was to
evaluate the accuracy of the ow-through balance
during simulant exhaust gas runs. Three simulant
exhaust gases|cold air, hot air, and 50 percent each
of an Ar-Fr mixture|were tested in the powered
con�guration of the HAPCM-50. The cold- and hot-
air gases were necessary to consider the balance ther-
mal e�ects of simulant gases at di�erent tempera-
tures because the temperature of the Ar-Fr mixture
could not be reduced without the possibility of lique-
faction during nozzle expansion. Balance thermal ef-
fects were evaluated with cold-air, hot-air, and Ar-Fr
simulant exhaust gases for R1 � 0:5 and 7�106/ft at
� = 0� and 5�, as shown in the test matrix (table II).

Thermal e�ects of simulant gas ow on ba-

lance. The simulant gas runs at R1 � 0:5� 106/ft
were used to isolate the heat transfer from the sim-
ulant gas to the balance (recall that the e�ect of
aerodynamic heating was negligible at this Reynolds
number). The cold air, hot air, and Ar-Fr mix-
ture were heated to 200�, 500�, and 500�F, respec-
tively, in the simulant gas storage tank; however,
thermal losses in the simulant gas supply lines to the
model held the jet total temperatures (Ttj) within
the balance to only 96�, 196�, and 227�F, respec-
tively. The value Ttj actually increased during each
run (�gs. 16{18) as a result of the increasing tem-
peratures in the simulant gas supply system from
the storage tank to the model. Although the Bake-
lite sleeve insulated the inner balance tube, the inner
tube was noticeably heated by the simulant gases,
especially by the hot air and Ar-Fr, as shown in
�gures 17 and 18. The heat within this tube con-
ducted into the outer balance tube primarily through
the common attachment point at the aft end of the
balance, as exempli�ed by the increase in thermo-
couple T2 in �gures 16{18. Unlike the aft end of this
balance, the forward section was isolated from the
thermal e�ects of the simulant gas because the gas
exited the balance through the four cylindrical noz-
zles between the balance lands. (See �g. 7.) Thus,
the forward section of the balance was not exposed
to the high temperatures of these gases. In general,
the temperature rise within this region was one-third
the temperature rise within the aft end of the bal-
ance. (Compare thermocouples T2 and T1 in �gs. 16
and 17.)

The FN , FY , MY , MX, and MZ measurements
were una�ected by the balance thermal e�ects of
the simulant exhaust gases, as shown in �gure 19
for the longitudinal data. In general, the zero shifts
of these measurements (which were indicative of the

component shifts during the runs) did not exceed the
balance sensitivity. (See table IV.) The heat trans-
fer from the simulant gases had a negligible e�ect on
these balance measurements for two likely reasons:
�rst, the strain gauge bridge structures at the front of
the balance (bridges N1 and S1 in �g. 8(a)) were iso-
lated from the simulant gas thermal e�ects; second,
the convective heat transfer from the simulant gases
was symmetrical about the centerline of the inner
balance tube near the aft strain gauge bridge struc-
tures. (See bridges N2, S2, and RM in �g. 8(a).) The
isolation of the forward strain gauge bridges from
thermal e�ects can be con�rmed by a review of �g-
ures 16{18, which showed that temperature rises at
the front of the balance are relatively small. As for
the axisymmetric nature of the simulant gas ow, the
strain gauge beams that measured bridges N2, S2,
and RM were adjacent to the inner and outer balance
tube attachment points. (See �g. 8(a).) Hence, the
temperature of these beams and their correspond-
ing bridge circuits increased dramatically in compar-
ison with the rest of the outer balance tube. As
illustrated in �gure 18, the temperature of thermo-
couple T2 increased by as much as 65�F for the sim-
ulant gas runs. Although the temperatures of these
bridges increased dramatically, the balance measure-
ments of FN , FY , MY , MX, and MZ were un-
a�ected because the temperatures of these bridges
increased uniformly. Aforementioned, uniform in-
creases in temperatures within a bridge will not a�ect
the bridge output. The uniformity in balance tem-
peratures at cross sections in the aft section of the
outer balance tube is illustrated by the temperatures
within the aft annular beam. (See thermocouples T6

and T7 in �gs. 16{18.) The maximum temperature
di�erence within this beam for all simulant gas runs
was 3:4�F. Therefore, if axisymmetrical pipe ow was
established within the inner balance tube (a circular
cylinder), the convective heat transfer and temper-
ature from the simulant gases will be symmetrical
about the centerline.

Unlike the other balance components, the axial-
force measurements were signi�cantly a�ected by the
balance heating of the three simulant exhaust gases.
For the low-pressure tunnel conditions, the average
axial-force zero shift for the runs with cold air, hot
air, and Ar-Fr was 1.7, 3.3, and 5.1 percent, respec-
tively. The hot-air and Ar-Fr simulant exhaust gas
runs showed a larger increase in the axial-force zero
shifts compared with the shifts for the cold-air simu-
lant exhaust gas, primarily from the increase in total
temperature of these gases. The runs with hot air
and Ar-Fr were 100� and 150�F higher, respectively,
than the cold-air total temperature.
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Because the temperature increases within the for-
ward and aft annular beams were essentially uniform
for the low Reynolds number (R1 � 0:5 � 106/ft)
simulant gas run (see �gs. 16{18 in which forward
temperatures (thermocouples T3 and T4) and aft
temperatures (thermocouples T6 and T7) are com-
pared), the balance measurements were primarily af-
fected by thermal expansion of the inner and outer
balance tubes. The inner balance was directly ex-
posed to the heat transfer from the simulant gas;
thus, this tube should thermally expand more than
the outer balance tube. Also, the annular beams
in the outer balance tube exhibited additional ax-
ial forces from thermal expansion of the inner tube.
Conceivably, because the strains within the annular
beams after thermal expansion of the inner tube did
not cancel within the double bridge circuit, they did
cause an axial-force shift.

In general, the balance heating from the hot-air
and Ar-Fr simulant exhaust gases was more pro-
nounced than the aerodynamic heating from the
external tunnel ow. For the hot-air and Ar-Fr sim-
ulant gases, the balance temperatures began increas-
ing 5 sec after model injection, whereas the balance
temperatures began increasing 10 sec after model
injection for the high tunnel-pressure tests without
simulant gas ow. The more pronounced balance
heating from the simulant gases was expected be-
cause the balance was directly exposed to the high
temperatures of the hot air and Ar-Fr, whereas the
aerodynamic heating at the model surface must con-
duct through the stainless steel model before that
heat a�ects the balance.

Combined thermal e�ects of simulant gas

ow and aerodynamic heating on balance. As
before, the FN , FY , MY , MX, and MZ measure-
ments were una�ected by the combined thermal ef-
fects of tunnel ow and simulant gas ow. How-
ever, the axial-force measurements were signi�cantly
a�ected by the combined thermal e�ects of tunnel
ow and exhaust gas simulation. The average axial-
force zero shifts for the high tunnel-pressure runs
(R1 � 7� 106/ft) with cold-air, hot-air, and Ar-Fr
exhaust simulation were 2.6, 6.0, and 7.7 percent, re-
spectively. As expected, the balance thermal e�ects
from aerodynamic heating at the model surface for
the high tunnel-pressure simulant gas runs caused
an increase in the axial-force zero shifts relative to
the low tunnel-pressure simulant gas runs. As illus-
trated by thermocouples T6 and T7 in �gures 20{22,
the temperature varied within the annular beams,
which was not the case for the low tunnel-pressure
simulant exhaust gas runs. The temperature varia-
tions within the annular beams were a direct result

of aerodynamic heating at the model surface. At
the end of the high tunnel-pressure runs with ex-
haust simulation, the temperature variations within
the aft annular beam were 5�, 9�, and 11�F for the
cold-air, hot-air, and Ar-Fr runs, respectively. These
temperature gradients were the primary cause for the
increased zero shifts of the high tunnel-pressure runs
relative to the low tunnel-pressure simulant exhaust
gas runs.

The axial force decreased throughout the cold-
and hot-air exhaust simulation runs as illustrated in
�gures 20 and 21, respectively. As the value Ttj in-
creased, the balance thermal e�ects were more pro-
nounced. Unlike the cold- and hot-air exhaust sim-
ulation runs, the axial force did not stabilize for the
Ar-Fr exhaust simulation runs (see �g. 22) because
the exhaust gas controls could not maintain the de-
sired plenum stagnation pressure of 20 psia. Thus,
the thrust oscillations from the simulant exhaust gas
caused FA to oscillate. As shown in �gures 20{22,
the plenum total pressure ptj oscillations were in
phase with the axial-force oscillations. Because the
plenum pressure must stabilize before the forces and
moments can be measured, the run time for simulant
exhaust gas tests is highly dependent upon the ability
of the exhaust gas automatic controller to reach the
desired plenum stagnation pressure. For the simulant
exhaust gas runs of this investigation, this controller
was not adequate and the settling time of the plenum
stagnation pressure ranged from 20 to 80 sec. The
axial-force shifts increase as the test run progresses,
so a controller with su�cient damping is highly de-
sirable to minimize the run time when the balance
thermal e�ects are a major concern. The overshoot
and settling time for the plenum stagnation pressure
can be minimized if the controller can be properly
damped.

Therefore, as for the runs without exhaust gas
simulation, accurate axial-force measurements can be
obtained at the beginning of these tests. Unfortu-
nately, a time span for accurate (less than 1 percent
of full scale) FA could not be de�ned because of the
oscillations at the beginning of these runs. However,
the balance temperatures began increasing 10 sec af-
ter injection of the HAPCM-50 for the cold-air sim-
ulant exhaust gas runs. This change suggests that
accurate measurements can be obtained for at least
10 sec after model injection. Similarly, accurate mea-
surements can be obtained 5 sec after model injection
for the hot-air and Ar-Fr simulant exhaust gas runs.

Concluding Remarks

A ow-through balance was used to evaluate the
thermal e�ects of scramjet exhaust ow simulation
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and aerodynamic heating on the force and mo-
ment measurements for the hypersonic, airbreathing-
propulsion cruise missile (HAPCM-50) model. The
normal-force, side-force, yawing-moment, rolling-
moment, and pitching-moment balance measure-
ments were una�ected by the balance heating pro-
duced by exhaust gas simulation and wind tunnel
ow. In general, the zero shifts of these components
were less than balance sensitivity (0.5 percent of full
scale). However, the balance axial-force measure-
ments were signi�cantly a�ected by balance heating
on the HAPCM-50. For the runs with the highest
aerodynamic heating (free-stream Reynolds number
of about 7� 106/ft) without exhaust gas simulation,
the axial-force shifts ranged from 1.8 to 4.2 percent.
For these runs, the axial-force measurements were
accurate (less than a 1-percent shift) to 20 sec af-
ter the model was injected into the test section. For
the exhaust simulations with cold air, hot air, and
50 percent each by volume of Argon and Freon (Ar-
Fr), the average zero shifts were 2.1, 4.6, and 6.4 per-
cent, respectively. The axial-force shifts could have
been reduced if the forward and aft sections of the
axial-force bridge circuit had been independently cal-
culated. During the runs with simulant exhaust gas,
the axial-force measurements were accurate to 10 sec
after model injection for cold-air exhaust simulation
and only to 5 sec for the hot-air and Ar-Fr exhaust
simulation runs. Because the plenum pressure must
stabilize before the forces and moments can be mea-
sured, the run time for simulant gas runs is highly
dependent upon the ability of the simulant gas au-
tomatic controller to reach and maintain the desired
plenum stagnation pressure. Therefore, a controller
with su�cient damping is highly desirable to mini-
mize the run time when thermal e�ects are a concern.

Within the scope of the investigation, nonwater-
cooled, ow-through balances with this design are
not practical for scramjet exhaust ow simulation
tests. Nonwatercooled balances will not provide ac-
curate axial-force measurements except at the be-
ginning of the test and the time span for accurate

measurements is highly restrictive. Even if an ade-
quate plenum pressure controller is available for the
simulant gas system of the facility, during hot-air and
Ar-Fr exhaust simulations, the time span is su�cient
only to evaluate one condition (i.e., angle of attack,
plenum pressure, etc.). In typical force and moment
tests, an entire angle-of-attack sweep is evaluated for
each test if su�cient run time is available. Also, ade-
quate time is required between runs for the model to
cool. (Cooling took as much as 1 hr for the current
model.) In general, a heated exhaust gas may pro-
duce unacceptable force and moment uncertainties
when used with thermally sensitive balances.

NASA Langley Research Center

Hampton, VA 23681-0001

February 26, 1993
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Table II. HAPCM-50 Con�guration and Nominal Condition Test Matrix

R1; ft�1 po; psia To;
�F �;deg

Unpowered con�guration

0:5� 106 30 410 �3:5

:5� 106 30
?
? 0

:5� 106 30
?
? 5:0

1:0� 106 60

?
y

0

2:0� 106 125 450 �3:5

2:0� 106 125
?
? 0

2:0� 106 125
?
? 5:0

4:0� 106 250

?
y

0

7:0� 106 475 475 �3:5

7:0� 106 475 475 0

7:0� 106 475 475 5:0

Powered con�guration; jet o�

0:5� 106 30 410 0

:5� 106 30 410 5:0

7:0� 106 475 475 0

7:0� 106 475 475 5:0

Powered con�guration; cold air; ptj = 20 psia; Tst = 200�F

0:5� 106 30 410 0

:5� 106 30 410 5:0

7:0� 106 475 475 0

7:0� 106 475 475 5:0

Powered con�guration; hot air; ptj = 20 psia; Tst = 500�F

0:5� 106 30 410 0

:5� 106 30 410 5:0

7:0� 106 475 475 0

7:0� 106 475 475 5:0

Powered con�guration; Ar-Fr; ptj = 20 psia; Tst = 500�F

0:5� 106 30 410 0

:5� 106 30 410 5:0

7:0� 106 475 475 0

7:0� 106 475 475 5:0
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Table III. Tabular HAPCM-50 Test Data From 20-Inch Mach 6 Wind Tunnel Test

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Unpowered con�guration; M1 = 5:79; R1= 0:63� 106=ft; �= �3:45�; Ttj and ptj not applicable

0 �0:02 �0:02 0:06 0:03 �0:01 0:13 83:1 83:7 84:8 82:5 79:8 82:0 81:2 78:6

31:52 �:77 :25 �1:86 :17 :07 :02
?
?

?
? 84:7 82:5 79:9

?
?

?
? 78:7

37:58 �:79 :24 �1:87 :13 :07 :02
?
?

?
?

?
? 82:5 79:9

?
?

?
? 78:6

42:19 �:78 :23 �1:89 :17 :05 :01

?
y

?
y ?

? 82:4 79:9

?
y ?

? 78:7

47:44 �:79 :22 �1:91 :13 :07 :02 83:0 83:6
?
? 82:4 80:0 81:9

?
? 78:6

52:56 �:81 :22 �1:88 :17 :07 :02 83:1
?
?

?
? 82:5 80:1 82:0

?
y

78:7

57:06 �:82 :21 �1:92 :17 :07 :02 83:1
?
?

?
y

82:5 80:3
?
? 81:3 78:7

61:47 �:79 :20 �1:92 :13 :09 :01 83:1
?
? 84:6 82:4 80:3

?
? 81:3 78:7

67:38 �:82 :19 �1:91 :13 :07 :02 83:2
?
?

?
? 82:4 80:6

?
? 81:4 78:8

72:44
?
? :18 �1:91 :17

?
? :02 83:2

?
?

?
? 82:4 80:7

?
? 81:5 78:8

79:81
?
? :17 �1:93 :13

?
? :02 83:3

?
y ?

? 82:5 81:0
?
? 81:6 78:9

83:92
?
? :17 �1:92 :18

?
y

0 83:4 83:5
?
? 82:5 81:1

?
y

81:7 79:0

88:82
?
? :16 �1:92 :17 :09 :01 83:5 83:6

?
? 82:6 81:3 82:1 81:8 79:1

94:24

?
y

:15 �1:92 :17 :09 :01 83:6 83:6
?
? 82:6 81:6 82:1 81:9 79:1

100:25 �:83 :14 �1:90 :17 :05 :01 83:6 83:5
?
? 82:6 81:8 82:2 82:0 79:3

105:06 �:83 :14 �1:90 :18 :07 0 83:7 83:5
?
? 82:7 82:1 82:2 82:1 79:4

114:77 �:06 �:49 :11 :05 �:03 :11 83:9 83:6

?
y

82:8 82:5 82:3 82:3 79:6

Unpowered con�guration;M1= 5:80; R1= 0:63� 106=ft; �= �0:04�; Ttj and ptj not applicable

0 0:08 �0:12 0:02 �0:01 0:13 0:20 83:1 83:9 84:0 82:7 80:7 83:5 82:8 81:3

13:03 :20 :78 :74 �:03 :19 :11
?
?

?
?

?
? 82:7 80:8

?
?

?
? 81:3

22:50 :20 :75 :75 �:02 :18 :11
?
?

?
?

?
? 82:7 80:8

?
?

?
? 81:4

30:11 :21 :73 :78 �:03 :20 :10
?
?

?
?

?
? 82:8 80:9

?
?

?
? 81:3

35:17
?
? :72 :77 �:03 :20 :10

?
y ?

?

?
y ?

? 80:9
?
?

?
y

81:3

39:98
?
? :72 :77 �:02 :22 :11 83:2

?
? 84:1

?
? 81:0

?
? 82:9 81:4

47:34
?
? :71 :78 �:02 :22 :11 83:2

?
? 84:0

?
y

81:0
?
?

?
?

?
?

52:80

?
y ?

? :76 �:03 :24 :10 83:1
?
?

?
? 82:7 81:1

?
y ?

?
?
?

58:61 :20
?
? :80

?
?

?
?

?
? 83:2

?
?

?
? 82:7 81:2 83:4

?
y

?
y

63:57
?
?

?
y

:81
?
?

?
?

?
? 83:3

?
y ?

? 82:8 81:3 83:5 83:0 81:5

69:09
?
? :70 :79

?
y ?

?
?
? 83:2 83:8

?
? 82:7 81:3 83:5 83:0 81:5

77:45

?
y

:69 :80 �:07
?
?

?
? 83:3 83:9

?
? 82:8 81:6 83:6 83:1 81:6

82:86 :19
?
? :77 �:07

?
y

?
y

83:4 83:8
?
? 82:8 81:7 83:5 83:1 81:7

88:72 :19
?
? :77 �:08 :22 :09 83:5 83:9

?
? 82:9 81:9 83:6 83:2 81:8

92:88 :17

?
y

:80 �:07 :22 :09 83:5 83:9
?
? 82:9 82:0 83:6 83:3 81:8

106:81 :08 :02 :05 �:01 :14 :18 83:6 83:9

?
y

83:0 82:3 83:7 83:4 82:1
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Unpowered con�guration; M1 = 5:79; R1= 0:57� 106=ft; �= �5:00�; Ttj and ptj not applicable

0 0:11 0:01 0:42 0:02 0 0:14 84:6 84:8 85:7 84:1 82:0 83:9 83:2 81:3

14:63 1:60 :64 3:72 0 :07 :11 84:6 84:8 85:7 84:2 82:1 83:9
?
? 81:3

20:49 1:62 :61 3:75 :01 :09 :12 84:7 84:9 85:8
?
?

?
? 84:0

?
? 81:4

31:06 1:63 :58 3:77 0 :07 :11 84:7 84:9 85:8
?
?

?
? 84:0

?
?

?
?

35:72
?
? :58 3:78 �:04 :09 :12 84:7 84:8 85:7

?
y ?

? 83:9
?
?

?
?

40:78
?
? :57 3:78 �:04 :11 :11 84:6

?
?

?
? 84:1

?
?

?
?

?
?

?
?

46:04
?
? :57 3:76 0 :09 :10

?
?

?
?

?
? 84:1

?
y ?

?
?
?

?
y

50:95
?
? :57 3:77 0

?
?

?
?

?
?

?
?

?
? 84:1 82:2

?
?

?
? 81:5

57:36
?
? :56 3:78 �:04

?
?

?
?

?
y ?

?
?
? 84:2 82:3

?
y

?
y

81:5

62:32
?
?

?
? 3:78 �:04

?
?

?
? 84:7

?
?

?
?

?
? 82:3 84:0 83:3 81:6

65:83
?
?

?
? 3:77 �:04

?
y

?
y ?

?
?
?

?
?

?
? 82:4

?
? 83:3 81:7

71:59
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Unpowered con�guration; M1 = 5:94; R1= 2:10� 106=ft; �= �3:47�; Ttj and ptj not applicable
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Unpowered con�guration; M1 = 5:94; R1= 2:12� 106=ft; �= �4:89�; Ttj and ptj not applicable
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Unpowered con�guration; M1 = 6:01; R1= 7:47� 106=ft; �= �3:49�; Ttj and ptj not applicable

0 0:09 �0:01 0:44 0:27 �1:17 0:06 85:4 91:1 88:8 84:4 80:2 86:3 85:2 80:4
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Unpowered con�guration; M1 = 6:02; R1= 7:40� 106=ft; �= �0:15�; Ttj and ptj not applicable

0 0:02 �0:04 0:23 0:01 �1:21 0:10 86:9 91:2 89:6 86:1 82:9 88:0 87:2 83:7

19:84 :73 8:30 9:81 �:02 1:61 :43 86:9 91:0 89:5 86:0 82:9 87:9 87:1 83:7

26:30 :75 8:12 9:80 �:07 1:56 :45 86:9 91:0 89:4 86:0 83:0 87:9 87:2 83:8

32:81 :76 8:02 9:88 �:07 1:61 :47 86:8 90:8 89:2 85:8 83:2 87:8 87:1 83:7

38:38 :74 7:97 9:77 �:07 1:63 :43 87:1 91:0 89:4 86:0 83:9 88:0 87:5 84:0

43:03 :72 7:93 9:77 :02 1:74 :47 87:5 91:1 89:5 86:3 84:8 88:3 88:0 84:4

47:09 :74 7:89 9:87 0 1:60 :43 87:7 91:2 89:6 86:5 85:6 88:5 88:5 84:8

51:60 :76 7:85 9:88 :07 1:51 :47 88:0 91:2 89:6 86:6 86:5 88:6 89:0 85:1

57:16 :73 7:81 9:89 :05 1:65 :41 88:4 91:2 89:6 86:9 87:7 88:9 89:7 85:8

62:22 :75 7:78 9:80 :09 1:59 :42 88:7 91:1 89:4 87:2 88:9 89:2 90:5 86:5

67:43 :74 7:74 9:80 :14 1:56 :43 89:2 91:0 89:4 87:5 90:2 89:5 91:3 87:4

71:84 :77 7:72 9:86 :19 1:61 :43 89:7 91:1 89:4 87:9 91:5 90:0 92:2 88:4

76:40 :75 7:69 9:91 :05 1:63 :41 90:5 91:3 89:6 88:6 93:1 90:7 93:4 89:6

81:51 :74 7:68 9:95 :12 1:68 :39 91:2 91:4 89:7 89:3 94:7 91:4 94:5 90:9

85:97 :77 7:66 9:91 :16 1:63 :43 91:8 91:5 89:8 90:0 96:2 92:1 95:6 92:3

91:18 :77 7:64 10:01 :07 1:59 :38 92:6 91:7 89:9 90:8 97:9 92:8 96:9 93:8

96:04 :75 7:64 9:91 :05 1:49 :32 93:4 91:8 90:0 91:6 99:6 93:6 98:1 95:4

101:45 :75 7:62 10:01 :07 1:56 :39 94:3 92:0 90:2 92:6 101:4 94:6 99:6 97:2

106:66 :74 7:61 10:02 :05 1:54 :33 95:1 92:1 90:3 93:5 103:3 95:6 100:9 99:1

111:36 :71 7:60 10:00 :19 1:58 :33 95:9 92:3 90:4 94:4 104:9 96:5 102:2 100:8

117:18 :74 7:54 10:07 :09 1:30 :36 97:0 92:5 90:6 95:6 107:0 97:8 103:8 103:0

122:29 :73 7:28 10:04 :19 :30 :37 97:8 92:6 90:7 96:6 108:8 98:7 105:1 104:9

127:20 :74 6:67 10:02 :12 �2:17 :45 98:7 92:8 90:8 97:6 110:5 99:8 106:4 106:8

136:11 �:19 2:03 :19 �:01 �1:17 �:15 100:2 93:1 91:0 99:5 113:5 101:6 108:8 110:3

17



Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Unpowered con�guration; M1= 6:01; R1= 7:43� 106=ft; � = 5:09�; Ttj and ptj not applicable

0 0:08 0 0:27 0:03 �0:78 0:08 87:5 93:3 90:4 86:7 83:0 89:1 88:0 83:7

11:57 22:70 8:02 57:51 �:49 1:36 :67 87:7 93:4 90:5 86:8 83:2 89:3 88:2 83:9

17:29 22:67 7:74 57:46 �:49 1:34 :63 87:5 93:2 90:3 86:5 83:0 89:0 88:0 83:7

22:04 22:68 7:64 57:41 �:54 1:39 :65 87:5 93:1
?
? 86:5 83:1 89:0 88:0 83:7

29:31 22:70 7:56 57:40 �:49 1:41 :65 87:6 93:1
?
? 86:6 83:6 89:0 88:1 83:8

36:97 22:72 7:50 57:37 �:40 1:38 :67 87:8 93:1

?
y

86:7 84:5 89:2 88:4 84:1

46:59 22:73 7:43 57:17 �:35 1:50 :64 88:5 93:3 90:4 87:1 86:5 89:6 89:3 85:1

53:10 22:75 7:38 57:14 �:35 1:45 :63 89:1 93:3 90:4 87:5 88:2 89:9 90:1 85:9

57:41 22:77 7:35 57:15 �:31 1:48 :66 89:6 93:4 90:5 87:9 89:4 90:3 90:6 86:7

61:77 22:74 7:32 56:94 �:28 1:38 :60 90:1 93:4 90:6 88:4 90:7 90:7 91:3 87:5

67:18 22:77 7:31 57:14 �:28 1:45 :58 90:8 93:5 90:7 89:0 92:5 91:3 92:2 88:7

71:39 22:76 7:28 56:93 �:30 1:48 :61 91:4 93:6 90:8 89:5 93:9 91:8 92:9 89:8

76:60 22:77 7:27 56:74 �:31 1:55 :66 92:0 93:5 90:7 90:1 95:6 92:3 93:6 90:9

81:16 22:73 7:24 56:69 �:28 1:43 :55 92:8 93:6 90:8 90:8 97:3 92:9 94:5 92:2

86:22 22:69 7:23 56:67 �:26 1:50 :64 93:6 93:7 90:9 91:7 99:2 93:6 95:5 93:8

91:78 22:74 7:21 56:66 �:30 1:31 :56 94:6 93:8 91:1 92:6 101:3 94:5 96:7 95:5

96:09 22:72 7:20 56:84 �:28 1:52 :56 95:3 93:9 91:1 93:4 102:9 95:2 97:5 96:9

101:10
?
? 7:20 57:02 �:21 1:36 :54 96:0 93:7 91:0 94:1 104:7 95:8 98:4 98:3

106:36
?
? 7:19 56:80 �:16 1:40 :59 96:8 93:6 90:9 95:0 106:5 96:5 99:3 100:0

111:57

?
y

7:18 56:79 �:19 1:36 :52 97:7 93:7 91:0 96:1 108:6 97:4 100:4 101:8

116:48 22:69 7:18 56:72 �:28 1:40 :54 98:4 93:6 90:9 96:9 110:3 98:2 101:3 103:5

122:14 22:69 7:18 56:92 �:12 1:38 :46 99:5 93:7 91:0 98:1 112:6 99:2 102:6 105:5

131:60 :04 :62 :30 :02 �:48 �:16 101:7 94:2 91:6 100:6 116:7 101:4 105:0 109:4

Powered con�guration; jet o�; M1= 5:82; R1= 0:56� 106=ft; �= �0:18�; Ttj and ptj not applicable

0 �0:02 0:04 0:15 0:22 �0:01 0:08 80:4 80:9 81:3 80:2 78:1 80:2 79:4 78:1

33:62 :25 1:16 5:06 �:17 :11 :07 80:4 80:8 81:2 80:1 78:1
?
?

?
?

?
?

38:78 :25 1:13 5:06
?
? :09 :06 80:5 80:9

?
? 80:2 78:2

?
?

?
?

?
?

43:89 :25 1:11 3:59
?
? :11 :07 80:4 80:8

?
? 80:2

?
?

?
?

?
?

?
?

48:90 :24 1:10 5:08
?
? :11 :07

?
? 80:8

?
? 80:1

?
?

?
?

?
?

?
?

54:10 :25 1:09 5:10
?
? :12 :06

?
? 80:7

?
?

?
?

?
y ?

?
?
?

?
?

59:17 :24 1:08 5:13
?
? :11 :07

?
? 80:8

?
?

?
? 78:3

?
?

?
?

?
?

64:68
?
? 1:07 5:18

?
? :12 :06

?
y

80:7
?
?

?
y

78:4
?
?

?
y ?

?

69:73
?
? 1:06 5:17

?
? :12 :06 80:5 80:8

?
? 80:2 78:5

?
? 79:5

?
y

74:24

?
y

1:05 5:23
?
? :12 :06 80:5

?
?

?
? 80:2 78:5

?
? 79:5 78:3

78:25 :23 1:05 5:25

?
y

:11 :07 80:6
?
?

?
? 80:2 78:6

?
y

79:6 78:2

83:96 :23 1:04 5:25 �:18 :12 :06 80:7
?
?

?
? 80:3 78:8 80:3 79:7 78:3

88:92 :29 1:03 5:38 �:17 :14 :07 80:7
?
?

?
y

80:2 78:8 80:3 79:7 78:3

94:18 �:06 :05 :15 :32 :02 :08 80:7

?
y

81:3 80:3 79:0 80:3 79:7 78:5
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Powered con�guration; jet o�; M1 = 5:80; R1= 0:57� 106=ft; �= 4:90�; Ttj and ptj not applicable

0 0:08 0:12 0:18 �0:08 0:03 0:18 82:4 81:8 82:3 82:5 81:3 82:3 81:7 81:4

37:12 1:87 :96 11:12
?
? :03 :13 82:5

?
? 82:3

?
? 81:4 82:4 81:8 81:3

42:83 1:88 :94 11:14
?
? :04 :12 82:5

?
? 82:3

?
? 81:5

?
? 81:8 81:4

48:49
?
? :93 11:19

?
?

?
? :12 82:6

?
? 82:4

?
? 81:5

?
? 81:8 81:4

51:90
?
? :93 11:18

?
?

?
? :14 82:6

?
?

?
?

?
? 81:6

?
y

81:9 81:5

56:76

?
y

:92 11:24
?
?

?
y

:14 82:6
?
?

?
?

?
y

81:6 82:5 81:9 81:5

62:22 1:89 :91 11:25
?
? :03 :13 82:7

?
?

?
? 82:6 81:7

?
? 81:9 81:5

66:38 1:89 :90 11:31
?
? :03 :13 82:7

?
?

?
? 82:6 81:8

?
? 82:0 81:6

71:24 1:90 :89 11:34
?
? :02 :13 82:7

?
y

?
y

82:6 81:9

?
y

82:0 81:6

76:55 1:90 :89 11:39
?
?

?
? :15 82:8 81:9 82:5 82:7 82:0 82:6 82:1 81:7

82:11 1:90 :88 11:38
?
?

?
?

?
? 82:9

?
?

?
? 82:7 82:1 82:6 82:2 81:8

87:22 1:92 :88 11:46
?
?

?
?

?
? 82:9

?
?

?
? 82:8 82:2 82:7 82:2 81:9

92:33 1:90 :88 11:48
?
?

?
?

?
? 83:0

?
?

?
? 82:8 82:4 82:7 82:3 82:0

96:39 1:92 :87 11:51

?
y ?

?

?
y

83:0
?
?

?
? 82:8 82:5 82:7 82:3 82:0

101:95 1:90
?
? 11:53 �:09

?
y

:13 83:1

?
y

?
y

82:9 82:6 82:8 82:4 82:1

105:95 1:90
?
? 11:53 �:08 :01 :14 83:2 82:0 82:6 83:0 82:7 82:9 82:5 82:3

111:46 1:90

?
y

11:54 �:09 :02 :13
?
? 81:9 82:6

?
? 82:8

?
? 82:5 82:4

116:02 1:89 :86 11:56 �:08 :01 :14
?
?

?
? 82:5

?
? 82:9

?
? 82:5 82:4

121:13 1:90 :86 11:58 �:09 :02 :13

?
y ?

? 82:5

?
y

83:0

?
y

82:6 82:5

126:09 1:90 :86 11:63 �:09 :01 :14 83:3
?
? 82:5 83:1 83:1 83:0 82:6 82:6

133:96 :03 �:15 :27 �:10 :10 :19 83:4

?
y

82:6 83:2 83:3 83:0 82:7 82:8
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8

Powered con�guration; jet o�; M1= 6:02; R1= 7:35� 106=ft; �= �0:04�; Ttj and ptj not applicable

0 0:14 0:02 0:41 0:37 �0:87 0:18 82:3 83:3 83:4 82:1 79:8 82:3 81:6 80:2

12:33 4:33 9:49 81:13 �:82 :94 :96 82:4 83:3
?
? 82:0 79:9

?
? 81:6 80:3

18:84 4:35 9:18 81:16 �:82 :94 :95 82:5 83:3
?
? 82:0 79:9

?
? 81:6 80:2

23:70 4:34 9:08 81:15 �:72 1:00 :94 82:5 83:2
?
? 82:0 80:1

?
y

81:7 80:2

28:21 4:38 9:01 81:04 �:84 :91 :88 82:6 83:3
?
? 82:1 80:5 82:4 81:8 80:3

33:59 4:38 8:91 81:06 �:74 1:05 :87 82:7
?
?

?
y

82:1 81:3 82:5 82:1 80:5

38:08 4:39 8:84 81:11 �:81 1:11 :92 83:0
?
? 83:5 82:2 82:2 82:6 82:5 80:7

43:09 4:39 8:76 81:11 �:63 1:02 :90 83:3
?
?

?
? 82:3 83:3 82:7 82:9 81:0

48:24 4:40 8:69 80:96 �:69 1:11 :84 83:8
?
?

?
? 82:6 84:7 82:9 83:7 81:5

53:35 4:39 8:63 80:83 �:69 :99 :87 84:2

?
y

?
y

82:8 86:1 83:1 84:5 82:1

59:17 4:40 8:54 81:03 �:48 :90 :82 84:8 83:2 83:4 83:1 87:8 83:5 85:4 82:8

64:08 4:41 7:74 80:89 �:69 �1:75 1:03 85:4 83:2 83:4 83:5 89:5 83:9 86:4 83:6

68:58 4:40 6:45 81:12 �:67 �6:17 1:22 86:0 83:2 83:5 83:9 91:0 84:3 87:3 84:5

73:04 4:41 5:44 81:15 �:62 �9:52 1:41 86:7 83:4 83:6 84:4 92:6 84:8 88:4 85:5

78:55 4:36 4:58 81:41 �:59 �12:36 1:57 87:6 83:4 83:6 85:0 94:6 85:4 89:6 86:7

82:86 4:38 3:98 81:49 �:59 �14:20 1:60 88:3 83:5 83:7 85:6 96:2 86:0 90:7 87:8

88:07 4:32 3:44 81:78 �:66 �16:07 1:72 89:1 83:6 86:8 86:3 98:1 86:7 92:0 89:1

93:33 4:57 2:91 82:19 �:59 �17:74 1:83 90:0 83:7 83:8 87:0 100:1 87:5 93:3 90:5

98:09 �:19 �:54 :61 :42 �:92 :04 90:8 83:7 83:8 87:7 101:6 88:1 94:4 91:8

Powered con�guration; jet o�; M1= 6:00; R1= 7:35� 106=ft; �= 5:06�; Ttj and ptj not applicable

0 0:12 �0:01 0:42 �0:26 �1:41 0:13 79:6 82:0 81:8 79:0 75:9 79:0 78:2 74:9

7:72 27:08 11:93 170:61 �1:34 1:39 1:11 79:6 82:0 81:7 78:9 75:9 79:0
?
?

?
?

13:18 27:16 11:71 170:97 �1:32 1:32 1:07 79:7 82:0 81:7 78:9 75:9 79:1
?
?

?
?

18:59 27:20 11:56 171:12 �1:32 1:27 1:07
?
? 81:9 81:7 78:8 76:0 79:1

?
?

?
?

22:74 27:25 11:55 171:12 �1:22 1:15 1:02
?
? 81:9 81:6 78:8 76:1 79:0

?
y ?

?

27:35 27:30 11:42 171:29 �1:22 1:27 1:04

?
y

81:8 81:6 78:8 76:5
?
? 78:3

?
y

32:56 27:34 11:34 171:09 �1:20 1:15 1:00 79:8 81:7 81:5 78:7 77:1
?
? 78:4 75:0

37:02 27:35 11:29 171:16 �1:20 1:22 1:00 79:9 81:7 81:5 78:8 77:8

?
y

78:6 75:2

42:33 27:30 11:23 170:85 �1:22 1:36 1:06 80:2 81:7 81:4 79:0 78:8 79:2 79:0 75:5

47:39 27:32 10:77 171:13 �1:13 �:33 1:04 80:6 81:6 81:4 79:1 80:0 79:3 79:5 75:9

52:35 27:27 9:31 171:14 �1:10 �5:38 1:34 81:0 81:7 81:5 79:3 81:2 79:6 80:1 76:5

57:16 27:21 8:12 171:18 �1:10 �9:36 1:56 81:5 81:6 81:4 79:6 82:6 79:8 80:7 77:1

62:17 27:16 7:04 171:36 �1:06 �13:06 1:70 82:1 81:6 81:5 80:0 84:1 80:2 81:4 77:9

67:53 27:17 6:24 171:51 �1:06 �15:31 1:87 82:8 81:8 81:6 80:6 85:9 80:8 82:3 78:9

72:44 27:18 5:67 171:48 �1:03 �16:90 1:96 83:7 82:0 81:8 81:2 87:7 81:3 83:3 80:0

78:00 27:16 5:48 171:89 �1:01 �17:49 1:91 84:4 82:0 81:8 81:7 89:5 81:9 84:2 81:0

86:67 �:08 �:49 :33 �:34 �:85 :03 85:7 82:0 81:9 82:7 92:4 82:8 85:8 82:9
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8 Ttj ptj

Powered con�guration; cold-air exhaust gas; M1 = 5:82; R1= 0:61� 106=ft; �= �0:12�

0 �0:06 �0:19 0:25 �0:28 �1:25 0:05 84:8 85:5 86:0 84:6 82:1 84:6 83:8 82:2 80:8 0:38

49:79 3:20 �22:90 38:68 �:07 3:01 �:47 85:3 85:2 86:1 84:7 82:4 84:5 83:7 81:9 78:1 18:52

59:36 3:09 �22:13 37:59 :01 2:86 �:44 85:3 85:5
?
? 84:8 82:5 84:7 84:0 82:1 84:5 18:84

64:72 3:23 �23:27 39:20 :09 3:02 �:46 85:3 86:0
?
? 84:9 82:6 84:9 84:4 82:2 87:1 19:83

69:18 3:19 �23:10 39:01 :10 2:99 �:44 85:4 86:5

?
y

85:0 82:8 85:2 84:8 82:4 88:6 19:71

74:59 3:19 �23:07 38:97 :19 2:97 �:47 85:6 87:1 86:2 85:1 82:9 85:6 85:3 82:6 90:0 19:68

79:20 3:18 �23:03 38:94 :24 2:99 �:42 85:7 87:6 86:3 85:3 83:2 86:0 85:8 82:9 91:1 19:65

84:66 3:16 �23:05 38:97 :28 2:99 �:44 85:9 88:2 86:3 85:5 83:6 86:5 86:4 83:2 92:0 19:66

89:22 3:16 �23:05 38:97 :29 3:01 �:40 86:2 88:8 86:4 85:8 83:9 87:0 86:9 83:6 92:7 19:65

94:68 3:16 �23:01 38:93 :43 3:01 �:38 86:5 89:4 86:6 86:1 84:4 87:5 87:6 84:1 93:5 19:62

99:44 3:15 �23:04 38:99 :47 3:04 �:41 86:7 89:8 86:6 86:4 84:8 88:0 88:2 84:5 94:0 19:64

104:04 3:14 �23:11 39:10 :37 3:01 �:41 86:9 90:3 86:7 86:6 85:3 88:5 88:7 85:0 94:5 19:68

109:66 3:16 �23:13 39:20 :37 3:01 �:42 87:3 90:9 86:9 87:0 85:9 89:2 89:5 85:6 95:1 19:67

114:27 3:14 �23:02 39:02 :51 2:97 �:40 87:7 91:4 87:1 87:3 86:5 89:7 90:1 86:2 95:5 19:60

119:78 3:14 �23:08 39:16 :65 2:99 �:39 88:1 92:0 87:3 87:8 87:1 90:4 90:9 86:9 95:9 19:64

124:23 3:14 �23:13 39:25 :50 3:01 �:43 88:5 92:4 87:5 88:1 87:6 90:9 91:4 87:4 96:2 19:67

129:59 :30 :85 6:25 :41 :08 :15 88:5 92:8 87:7 88:3 88:3 91:0 91:6 88:0 94:9 7:56

135:41 �:07 :16 :22 �:31 �:43 :18 88:8 92:9 87:9 88:7 88:9 91:4 91:7 88:5 98:1 2:34

Powered con�guration; cold-air exhaust gas; M1= 5:79; R1= 0:60� 106=ft; � = 4:99�

0 0:07 0:14 �0:09 0:37 0:27 0:18 83:8 87:2 86:2 83:2 79:7 83:6 82:6 78:8 77:8 0:13

16:03 4:54 �21:23 42:52 �:01 2:66 �:40 84:0 86:9 86:2 83:5 79:9 83:7 82:7 79:0 78:4 18:44

20:74 4:79 �23:22 45:48 :03 2:90 �:45 84:0 86:9 86:1 83:5 79:9 83:7 82:7 79:0 82:7 19:02

26:25 4:82 �23:55 45:97 :10 2:96 �:45 84:1 87:2
?
? 83:6 80:0 83:9 83:0 79:2 86:4 19:92

30:71 4:77 �23:07 45:39 :16 2:94 �:44 84:2 87:6
?
? 83:7 80:1 84:1 83:3 79:3 88:5 19:55

36:17 4:81 �23:37 45:89 :19 2:97 �:45 84:4 88:2

?
y

83:8 80:3 84:4 83:7 79:5 90:4 19:59

40:83 4:80 �23:47 46:10 :28 3:00 �:45 84:6 88:7 86:2 84:0 80:6 84:8 84:3 79:9 91:6 19:87

46:19 4:79 �23:31 45:90 :33 2:98 �:44 84:8 89:3 86:3 84:2 81:0 85:3 84:9 80:3 92:7 19:66

50:85 4:79 �23:32 45:96 :33 3:02 �:44 85:0 89:9 86:3 84:5 81:4 85:8 85:5 80:7 93:6 19:71

55:71 4:80 �23:35 46:07 :37 3:00 �:43 85:3 90:5 86:4 84:7 81:9 86:4 86:2 81:2 94:3 19:72

61:17 4:79 �23:25 45:96 :42 2:98 �:42 85:6 91:1 86:6 85:1 82:5 87:1 87:0 81:9 95:0 19:64

66:38 4:80 �23:39 46:22 :46 3:02 �:42 86:0 91:6 86:7 85:5 83:2 87:7 87:7 82:6 95:6 19:73

71:24 4:79 �23:35 46:18 :46 3:00 �:41 86:4 92:2 86:9 85:9 83:8 88:4 88:4 83:3 96:2 19:70

75:75 4:77 �23:37 46:21 :51 3:02 �:40 86:8 92:6 87:0 86:4 84:5 89:0 89:1 83:9 96:6 19:71

81:21 4:76 �23:37 46:17 :51 3:05 �:40 87:4 93:2 87:3 86:9 85:3 89:7 89:9 84:7 97:0 19:72

85:77 4:75 �23:34 46:17 :55 3:02 �:40 87:7 93:6 87:4 87:3 85:9 90:3 90:5 85:4 97:3 19:68

91:13 4:76 �23:36 46:18 :55 3:04 �:39 88:3 94:1 87:7 87:8 86:7 91:0 91:3 86:2 97:7 19:68

95:79 2:00 :30 13:25 :53 :26 :13 88:3 94:5 87:8 87:8 87:3 91:0 91:3 86:8 95:5 8:58

101:25 :02 �:16 :01 :42 :13 :14 88:5 94:5 88:0 88:3 88:0 91:4 91:5 87:4 99:3 2:60
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8 Ttj ptj

Powered con�guration; cold-air exhaust gas; M1 = 6:02; R1= 7:32� 106=ft; � = 0:08�

0 0:03 0 0:47 0:11 �0:77 0:13 84:1 88:4 87:0 83:5 79:5 84:0 82:9 78:8 77:9 0:33

15:33 7:00 �13:11 115:08 �:68 3:73 :37 84:4 88:3 87:0 83:8 79:8 84:2 83:1 79:0 83:8 18:51

19:94 7:18 �14:80 117:39 �:61 3:92 :37 84:7 88:6 87:1 84:0 80:2 84:5 83:5 79:3 88:0 18:82

25:40 7:27 �15:66 118:49 �:54 3:98 :34 84:9 89:1 87:0 84:2 80:8 84:7 84:0 79:5 91:2 20:09

30:01 7:20 �15:23 117:75 �:47 3:86 :33 85:3 89:6 87:1 84:4 81:6 85:0 84:8 79:9 93:4 19:71

35:67 7:16 �14:74 116:81 �:37 4:07 :40 85:8 90:3 87:1 84:7 82:9 85:6 85:8 80:4 95:3 19:26

40:53 7:27 �15:98 118:43 �:30 4:02 :34 86:5 91:0 87:3 85:2 84:3 86:3 87:0 81:1 96:7 20:05

45:14 7:19 �15:64 117:89 �:28 4:09 :36 87:0 91:4 87:2 85:5 85:6 86:9 88:0 81:8 97:6 19:91

50:65 7:12 �15:19 116:96 �:19 3:97 :33 87:7 92:1 87:3 86:0 87:3 87:7 89:5 82:8 98:6 19:47

54:96 7:19 �15:78 117:56 �:16 4:13 :34 88:6 92:7 87:5 86:7 88:9 88:5 91:0 83:9 99:5 19:84

60:52 7:12 �15:66 117:07 �:09 4:15 :37 89:7 93:5 87:8 87:6 91:0 89:7 92:8 85:4 100:4 19:73

65:53 7:12 �15:65 117:08 �:05 4:23 :36 90:7 94:1 88:0 88:4 92:8 90:7 94:4 86:8 101:0 19:70

70:44 7:11 �15:79 117:21 0 4:16 :35 91:8 94:9 88:4 89:4 94:8 92:0 96:1 88:3 101:7 19:73

74:85 7:11 �15:76 117:03 :07 4:06 :33 92:9 95:6 88:8 90:4 96:6 93:1 97:7 89:9 102:4 19:68

80:26 7:10 �15:81 116:97 :02 4:27 :44 94:2 96:4 89:3 91:5 98:7 94:4 99:5 91:7 103:1 19:70

84:87 7:10 �15:86 116:95 :14 4:13 :34 95:3 97:1 89:7 92:6 100:5 95:6 101:1 93:3 103:6 19:73

90:33 7:07 �15:90 116:78 :18 4:12 :33 96:4 97:8 90:1 93:7 102:3 96:9 102:8 95:1 104:0 19:72

94:89 7:08 �15:89 116:93 :18 4:19 :37 97:3 98:3 90:4 94:7 103:9 98:0 104:1 96:6 104:9 19:69

100:75 �:16 �:34 :63 :61 �:21 :09 97:6 98:7 90:6 95:5 105:7 98:6 104:7 98:3 107:9 5:42

Powered con�guration; cold-air exhaust gas; M1= 6:02; R1= 7:36� 106=ft; � = 5:22�

0 0:22 �0:04 �0:48 �0:19 �0:88 0:06 85:6 90:4 89:8 84:5 79:5 84:9 83:6 78:6 78:1 0:36

21:19 30:02 �10:50 206:76 �:86 4:75 :45 85:7 90:4 89:5 84:9 80:1 85:1 84:0 79:0 88:9 19:09

25:65 30:00 �10:19 206:11 �:77 4:57 :43 85:9 90:6 89:4 84:8 80:4 85:2 84:4 79:1 91:6 18:79

31:11 30:24 �12:39 209:00 �:68 4:80 :38 86:2 91:2 89:3 85:0 81:2 85:6 85:0 79:5 94:1 20:54

35:57 30:02 �10:84 206:81 �:61 4:82 :42 86:6 91:6 89:3 85:3 82:1 85:9 85:7 79:9 95:5 19:48

41:08 29:93 �10:31 205:56 �:54 4:66 :42 87:1 92:3 89:3 85:6 83:4 86:6 86:8 80:7 97:1 18:76

45:64 30:14 �12:32 208:09 �:49 4:86 :40 87:9 93:1 89:6 86:4 84:9 87:5 88:1 81:8 98:4 20:33

50:70 30:05 �11:87 207:46 �:47 4:91 :41 88:7 93:9 89:9 87:1 86:6 88:5 89:5 82:9 99:6 19:97

55:96 29:92 �11:45 206:31 �:35 4:77 :39 89:3 94:4 89:9 87:6 88:1 89:3 90:8 84:0 100:3 19:57

60:67 29:83 �11:07 205:05 �:37 4:76 :43 90:1 95:0 90:1 88:3 89:6 90:2 92:0 85:3 101:0 19:23

66:23 29:95 �12:22 206:56 �:37 4:83 :43 91:2 95:8 90:4 89:4 91:7 91:5 93:8 86:9 101:8 20:09

70:74 29:84 �11:85 205:74 �:35 4:99 :46 92:0 96:4 90:7 90:2 93:4 92:4 95:1 88:3 102:4 19:79

75:65 29:82 �11:67 205:41 �:28 5:01 :46 93:0 97:1 91:0 91:2 95:1 93:5 96:6 89:8 103:0 19:55

81:06 29:78 �11:89 205:63 �:14 4:71 :36 93:8 97:5 91:1 92:0 96:8 94:4 98:0 91:2 103:2 19:76

85:72 29:89 �12:06 205:64
?
? 4:95 :36 94:5 97:8 91:2 92:7 98:3 95:3 99:1 92:5 103:4 19:79

92:83 29:71 �11:99 204:96
?
? 4:74 :37 95:8 98:6 91:5 94:1 100:7 96:8 101:0 94:6 103:7 19:72

96:34 29:66 �12:01 205:09

?
y

4:81 :37 96:5 98:9 91:7 94:7 101:8 97:5 101:8 95:6 103:9 19:73

110:27 :04 :64 :59 �:23 �:46 �:06 98:3 99:2 92:4 96:9 106:3 99:3 103:4 99:3 113:4 2:06
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8 Ttj ptj

Powered con�guration; hot-air exhaust gas; M1 = 5:78; R1= 0:61� 106=ft; �= �0:07�

0 0:07 0:11 0:20 �0:06 0:14 �0:17 84:8 84:5 85:7 84:6 82:5 84:1 83:4 82:2 82:0 0:19

17:89 3:06 �23:92 39:67 �:06 2:61 �:40 85:0 84:0 85:5 84:6 82:4 84:1 83:3 82:1 75:0 19:95

22:60 3:05 �23:68 39:29 :04 2:67 �:38 85:1 84:1 85:6 84:7 82:6 84:2 83:5 82:2 78:9 19:71

28:11 3:04 �23:59 39:25 :09 2:67 �:40 85:2 84:5 85:7 84:8 82:7 84:3 83:6 82:3 83:9 19:65

33:07
?
?

�23:54 39:21 :26 2:79 �:43 85:4 85:1 85:8 85:0 82:8 84:6 84:0 82:5 88:5 19:59

38:08
?
?

�23:57 39:27 :22 2:79 �:41 85:5 85:9
?
? 85:2 82:8 84:8 84:4 82:6 93:2 19:64

42:54
?
?

�23:49 39:17 :18 2:74 �:40 85:6 86:7
?
? 85:3 82:9 85:1 84:9 82:7 97:6 19:58

48:00
?
?

�23:52 39:21 :31 2:79 �:41 85:7 87:9

?
y

85:6 83:1 85:8 85:7 83:0 102:9 19:61

52:65
?
?

�23:56 39:27 :53 2:94 �:43 86:0 89:2 86:0 85:9 83:5 86:5 86:5 83:5 107:7 19:61

57:51
?
?

�23:59 39:36 :47 2:95 �:47 86:3 90:6 86:1 86:3 84:0 87:3 87:5 84:0 112:6 19:64

63:03

?
y

�23:54 39:27 :62 2:95 �:42 86:6 92:4 86:1 86:7 84:7 88:4 88:7 84:7 118:0 19:58

67:78 3:05 �23:60 39:32 :70 3:01 �:44 87:0 94:1 86:4 87:4 85:5 89:6 90:0 85:6 122:9 19:60

72:49 3:04 �23:55 39:27 :74 3:01 �:46 87:5 95:9 86:6 87:9 86:3 90:8 91:4 86:5 127:5 19:57

77:90 3:04 �23:63 39:34 :89 3:08 �:41 88:3 98:2 87:0 88:7 87:6 92:5 93:2 87:9 132:9 19:60

82:61 3:06 �23:75 39:52 :92 3:09 �:42 88:9 100:3 87:3 89:5 88:8 94:1 94:9 89:1 137:5 19:67

88:07 3:06 �23:71 39:47 1:23 3:18 �:44 89:8 102:9 87:8 90:7 90:4 96:2 97:1 90:8 142:8 19:64

92:58 3:05 �23:66 39:39 1:24 3:14 �:42 90:5 104:9 88:1 91:5 91:7 97:8 98:9 92:3 146:9 19:59

98:04 3:06 �23:75 39:50 1:28 3:20 �:43 91:5 107:5 88:6 92:6 93:4 100:0 101:1 94:2 151:8 19:63

103:40 3:07 �23:79 39:54 1:41 3:21 �:44 92:5 110:2 89:1 93:7 95:4 102:4 103:5 96:3 156:6 19:64

108:11 3:04 �23:77 39:46 1:53 3:25 �:47 93:8 112:6 89:6 94:6 97:0 104:3 105:6 98:1 160:6 19:60

115:68 �:26 �:49 :37 :76 :21 :08 95:0 116:2 90:4 95:7 100:2 106:7 107:4 101:1 156:7 6:13

Powered con�guration; hot-air exhaust gas; M1= 5:79; R1= 0:60� 106=ft; � = 5:03�

0 �0:10 �0:02 0:31 0:47 �0:93 0:11 86:6 86:1 88:8 86:0 82:9 84:9 84:1 82:3 81:9 0:08

16:18 4:68 �24:33 47:01 :07 2:73 �:47 87:1 86:7 88:9 86:4 83:2 85:4 84:8 82:6 97:0 20:44

20:89 4:60 �23:63 45:99 :18 2:79 �:51 87:1 87:9 88:8 86:5 83:3 85:7 85:3 82:8 108:4 19:93

25:65 4:52 �22:99 45:09 :34 2:80 �:52 87:2 89:6 88:8 86:5 83:3 86:1 85:9 82:9 117:3 19:42

31:31 4:45 �22:35 44:18 :49 2:86 �:54 87:4 92:2 88:8 86:7 83:7 87:2 87:2 83:5 125:6 18:89

36:22 4:61 �23:79 46:28 :60 3:05 �:57 87:7 94:6 88:9 87:1 84:2 88:5 88:7 84:2 132:6 20:00

40:73 4:57 �23:53 45:92 :75 3:09 �:57 88:2 97:0 89:1 87:5 85:0 89:9 90:2 85:0 138:1 19:82

45:99 4:56 �23:44 45:76 :88 3:13 �:58 88:7 99:8 89:3 88:1 86:2 91:7 92:2 86:3 143:9 19:68

50:70 4:54 �23:33 45:60 1:02 3:18 �:59 89:4 102:5 89:5 88:7 87:5 93:5 94:3 87:7 148:8 19:59

56:11 4:57 �23:45 45:78 1:15 3:22 �:59 90:2 105:5 89:9 89:7 89:2 96:0 96:5 89:5 154:1 19:63

60:92 4:54 �23:37 45:64 1:28 3:27 �:60 91:1 108:2 90:3 90:5 90:9 98:1 98:9 91:3 158:7 19:58

65:68 4:57 �23:48 45:77 1:41 3:30 �:60 92:1 110:9 90:7 91:6 92:8 100:3 101:2 93:3 163:0 19:61

71:24 4:57 �23:53 45:86 1:54 3:32 �:61 93:4 114:1 91:3 93:0 95:2 103:0 104:2 95:7 167:9 19:61

75:65 4:55 �23:72 45:83 1:63 3:36 �:61 94:6 116:7 91:8 94:1 97:2 105:4 106:6 97:9 171:6 19:59

86:17 4:55 �23:71 46:09 1:89 3:42 �:61 97:6 122:9 93:2 97:0 102:3 111:0 112:4 103:2 180:2 19:67

91:18 4:54 �23:73 46:10 2:02
?
?

�:62 99:1 125:8 93:9 98:4 104:9 113:8 115:3 105:8 184:0 19:66

96:24 4:51 �23:70 46:02 2:15
?
?

�:66 100:6 128:7 94:9 99:9 107:4 116:4 118:4 108:5 187:7 19:60

100:85 4:52 �23:80 46:12 2:23

?
y

�:66 102:0 131:4 95:3 101:3 109:9 119:0 121:1 111:1 191:1 19:64

106:16 4:51 �23:78 46:10 2:37 3:51 �:65 103:8 134:4 96:2 103:0 112:6 121:8 124:2 114:0 194:7 19:61

111:07 4:31 �22:23 43:88 2:49 3:34 �:61 105:3 137:2 97:0 104:8 115:3 124:6 127:1 116:8 197:4 19:30

117:53 �:10 �:72 :28 1:54 �:23 :04 106:8 138:8 98:1 106:8 119:3 126:9 127:3 120:0 189:2 3:30
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Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8 Ttj ptj

Powered con�guration; hot-air exhaust gas; M1= 6:01; R1= 7:39� 106=ft; � = 0:06�

0 0:04 �0:05 0:49 0:38 �0:78 0:14 92:7 95:5 95:7 91:9 88:0 91:8 90:7 87:2 86:7 0:34

15:43 7:28 �14:51 117:15 �:58 3:95 :35 93:1 96:1 95:7 92:3 88:3 92:2 91:3 87:5 110:7 19:34

20:04 7:23 �13:91 116:28 �:35 3:86 :31 93:2 97:3 95:6 92:3 88:5 92:4 91:9 87:6 122:5 18:89

24:85 7:43 �15:57 118:64 �:14 4:23 :32 93:6 99:3 95:7 92:7 89:1 93:2 93:0 88:0 132:9 19:88

30:21 7:37 �15:07 117:61 :09 4:23 :32 94:1 101:8 95:8 93:1 90:2 94:5 94:4 88:8 141:6 19:70

34:87 7:37 �15:27 117:50 :23 4:13 :30 94:7 104:4 95:9 93:6 91:5 96:9 95:3 90:0 147:7 19:77

40:33 7:39 �15:28 117:42 :51 4:27 :37 96:0 107:4 96:2 94:6 93:7 98:6 98:3 91:5 153:6 19:67

45:39 7:35 �15:35 117:31 :70 4:47 :36 97:4 110:4 96:6 95:8 96:2 100:2 101:7 93:1 158:5 19:70

49:80 7:30 �15:40 117:14 :86 4:40 :31 98:6 112:9 97:0 96:9 98:6 101:9 104:9 94:7 162:4 19:65

55:36 7:28 �15:48 117:16 1:05 4:47 :31 100:4 116:1 97:5 98:5 101:9 104:5 108:8 97:3 167:1 19:63

60:47 7:21 �15:60 116:72 1:16 4:70 :42 102:3 119:1 98:2 100:1 105:3 107:3 112:5 100:0 171:3 19:64

65:33 7:22 �15:68 116:84 1:32 4:70 :39 104:0 121:9 98:7 101:5 108:4 110:0 115:8 102:7 175:0 19:63

69:89 7:17 �15:81 116:78 1:49 4:55 :29 105:8 124:5 99:4 103:0 111:6 112:7 119:0 105:6 178:2 19:65

75:20 7:17 �15:87 116:85 1:63 4:56 :33 107:9 127:5 100:2 104:9 115:2 116:0 122:8 109:1 181:8 19:61

80:56 7:19 �15:90 116:91 1:76 4:62 :39 110:0 130:5 100:9 106:8 118:8 119:2 126:6 112:6 185:4 19:59

85:12 7:19 �16:00 116:89 1:90 4:57 :38 111:7 132:9 101:7 108:7 121:9 122:1 129:7 115:7 188:4 19:60

89:88 7:19 �16:05 116:91 2:06 4:43 :36 113:4 135:7 102:5 110:6 125:2 125:3 133:2 119:1 191:7 19:60

95:33 7:17 �16:16 116:95 2:13 4:45 :45 115:2 138:6 103:4 112:7 128:7 128:8 136:9 123:0 195:2 19:64

99:89 7:16 �16:21 117:02 2:32 4:38 :42 116:9 141:1 104:1 114:5 131:6 131:6 140:2 126:2 198:0 19:67

104:90 7:16 �16:31 117:14 2:43 4:40 :44 119:0 143:9 105:1 116:7 135:0 134:8 143:8 129:8 201:2 19:70

109:86 :55 1:50 17:11 1:61 �:44 :27 120:2 146:1 105:8 118:4 138:4 137:2 144:5 133:1 197:2 6:16

113:82 �:11 �1:01 :01 2:03 :04 :04 121:5 146:1 106:5 120:1 141:1 139:3 145:4 135:6 196:3 3:05

117:93 �:11 �1:02 1:00 2:04 �1:24 :01 123:0 145:5 107:2 121:8 143:7 141:2 146:9 138:2 194:3 1:95

24



Table III. Continued

�time FN FA MY MX MZ FY T1 T2 T3 T4 T5 T6 T7 T8 Ttj ptj

Powered con�guration; hot-air exhaust gas; M1= 6:01; R1= 7:38� 106=ft; � = 5:01�

0 0:13 0 0:29 0:34 �0:84 0:21 89:2 88:4 90:6 89:0 86:3 88:0 87:1 86:1 85:9 0:34

16:63 29:09 �13:90 205:63 �:73 4:36 :50 89:9 89:7 90:7 89:5 86:7 88:7 88:3 86:6 108:1 20:59

21:54 29:04 �12:23 203:85 �:49 4:22 :52 90:1 91:4 90:8 89:6 87:0 89:2 89:1 86:9 118:6 19:25

26:60 28:73 �11:68 201:93 �:37 4:24 :49 90:3 93:5 90:8 89:7 87:5 89:9 90:3 87:2 126:9 18:67

31:56 29:01 �13:74 204:93 �:16 4:71 :44 90:7 95:9 90:9 90:1 88:5 91:1 92:1 87:9 134:7 20:15

36:37 28:95 �13:41 204:18 �:02 4:54 :45 91:4 98:4 91:1 90:5 89:8 92:5 94:2 88:9 141:1 19:92

41:18 28:85 �13:00 202:97 :05 4:60 :43 91:9 101:0 91:2 91:1 91:4 94:1 96:3 90:0 146:5 19:54

45:94 28:89 �13:33 203:52 :16 4:81 :46 92:6 103:5 91:4 91:7 93:2 95:8 98:6 91:4 151:6 19:68

51:35 28:85 �13:29 202:98 :42 4:90 :51 93:8 106:4 91:7 92:8 95:7 98:2 101:5 93:5 157:1 19:61

55:96 28:85 �13:46 202:87 :51 4:88 :40 94:9 109:0 92:1 93:8 98:0 100:3 104:3 95:5 161:6 19:68

61:47 28:83 �13:54 202:52 :63 5:01 :41 96:3 112:1 92:5 95:2 101:0 103:0 107:4 98:1 166:8 19:67

65:98 28:81 �13:52 202:41 :68 5:10 :46 97:6 114:7 92:9 96:4 103:6 105:3 110:2 100:5 170:8 19:61

71:29 28:78 �13:60 201:97 :79 5:12 :39 99:2 117:7 93:6 98:2 106:8 108:3 113:6 103:5 175:4 19:59

76:45 28:77 �13:69 202:18 :98 5:00 :35 100:9 120:8 94:3 100:1 110:1 111:3 117:2 106:6 179:7 19:61

81:01
?
?

�13:74 201:69 1:09 5:09 :31 102:4 123:4 94:9 102:0 113:0 113:9 120:4 109:5 183:4 19:61

86:47
?
?

�13:85 201:61 1:23 5:01 :31 104:3 126:8 95:9 104:5 116:7 117:3 124:2 113:2 187:8 19:63

91:02

?
y

�13:92 201:92 1:32 4:80 :19 105:9 129:4 96:6 106:5 119:8 120:1 127:4 116:2 191:4 19:64

96:43 28:79 �14:05 201:80 1:37 4:96 :18 107:8 132:6 97:5 109:0 123:4 123:4 131:1 119:8 195:4 19:69

101:04 28:73 �14:04 201:43 1:51 4:89 :17 109:8 135:4 98:4 111:2 126:6 126:3 134:4 123:1 198:8 19:63

106:51 28:76 �14:06 201:51 1:64 4:89 :18 112:1 138:7 99:5 113:7 130:4 129:9 138:3 127:0 202:5 19:61

111:01 28:77 �14:16 201:57 1:67 4:74 :13 113:9 141:4 100:5 116:0 133:5 132:8 141:6 130:2 205:6 19:64

116:32 28:71 �14:19 201:43 1:94 4:72 :09 116:2 144:5 101:6 118:4 137:1 136:2 145:2 134:0 209:0 19:63

121:48 28:71 �14:23 201:36 1:99 4:62 :15 118:3 147:4 102:6 120:7 140:6 139:4 148:7 137:6 212:2 19:61

133:36 �:07 �1:39 :38 1:68 �:45 �:21 123:7 151:8 105:2 125:2 149:2 145:9 151:9 145:5 210:2 3:37
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Table III. Continued

�time FN FA MY MX MZ FY T2 T3 T4 T5 T6 T7 T8 Ttj ptj

Powered con�guration; Ar-Fr exhaust gas; M1 = 5:81; R1= 0:59� 106=ft; �= �0:03�; T1 not reporting

0 0:08 �0:03 0:29 0:46 �0:82 0:18 79:8 80:2 79:7 78:0 79:6 78:9 77:9 77:4 0:08

39:98 4:18 �22:96 29:28 :55 3:15 �:47 82:0 80:5 79:9 78:2 80:1 79:8 78:0 105:8 18:90

45:24 4:01 �22:68 30:04 :69 3:19 �:51 83:9 80:6 80:1 78:3 80:7 80:5 78:1 113:7 18:54

50:65 4:33 �25:02 32:78 :92 3:42 �:53 86:2 80:9 80:4 78:7 81:8 81:5 78:5 121:4 20:42

55:46 4:16 �24:58 32:69 1:15 3:46 �:51 88:5 81:1 80:7 79:3 83:0 82:7 79:1 127:2 20:07

60:47 3:90 �23:07 31:27 1:34 3:33 �:49 90:8 81:4 81:1 80:0 84:4 84:0 79:9 131:9 18:80

64:98 3:92 �23:21 31:54 1:32 3:31 �:52 93:1 81:8 81:6 80:9 85:9 85:4 80:7 136:0 18:73

69:54 4:18 �25:00 33:48 1:51 3:56 �:57 95:4 82:4 82:3 82:0 87:5 87:4 81:8 140:6 20:23

74:95 4:16 �24:68 33:02 1:67 3:44 �:52 98:3 83:2 83:1 83:6 89:6 89:7 83:3 145:6 19:94

80:01 4:07 �23:90 31:87 1:71 3:27 �:50 101:0 84:0 84:1 85:2 91:8 91:9 84:8 149:8 19:38

85:42 4:02 �23:31 31:01 1:87 3:24 �:50 103:9 85:0 85:3 87:2 94:1 94:4 86:7 154:1 18:77

89:58 4:24 �24:61 32:24 1:91 3:30 �:54 106:1 85:7 86:1 88:7 96:0 96:3 88:2 157:6 19:47

94:64 4:34 �25:14 32:63 2:12 3:33 �:52 108:8 86:8 87:3 90:6 98:4 98:9 90:1 162:0 20:14

100:10 4:28 �24:83 32:28 2:14 3:31 �:47 111:8 88:0 88:6 92:8 101:1 101:7 92:4 166:3 19:85

105:41 4:14 �23:94 31:15 2:41 3:31 �:44 114:8 89:3 89:9 95:1 103:8 104:5 94:6 170:2 19:19

110:42 4:09 �23:53 30:65 2:41 3:29 �:48 117:6 90:6 91:4 97:3 106:4 107:0 97:0 173:8 18:75

115:32 4:41 �25:32 32:33 2:49 3:41 �:49 120:4 92:0 92:9 99:6 109:1 109:6 99:3 177:7 19:88

135:36 :17 �1:01 :35 :56 �:42 :09 123:6 96:9 96:7 109:2 116:1 114:8 107:5 157:3 1:40

Powered con�guration; Ar-Fr exhaust gas;M1= 5:79; R1= 0:60� 106=ft; � = 5:09�; T1 not reporting

0 0:11 �0:01 0:33 0:49 �0:60 0:16 83:6 83:2 82:7 80:8 82:9 82:1 80:7 80:2 0:11

25:35 5:94 �23:36 37:51 �:07 2:95 �:45 83:7 83:7 83:1 81:0 83:3 82:4 80:8 92:7 12:93

35:32 5:76 �22:97 37:07 :79 3:33 �:61 88:3 83:9 83:4 81:1 84:2 84:7 81:3 151:5 19:21

40:18 5:73 �22:57 36:35 1:11 3:43 �:66 92:1 84:2 83:6 81:4 85:4 86:3 81:7 165:1 18:65

45:74 6:10 �24:78 38:28 1:42 3:75 �:75 97:0 84:7 84:0 82:2 87:8 89:1 82:7 178:2 20:11

49:90 6:06 �24:74 38:17 1:68 3:77 �:76 100:9 85:2 84:6 83:2 90:1 91:8 83:8 186:0 20:22

54:91 6:00 �24:43 37:70 1:92 3:75 �:74 105:6 85:9 85:4 84:9 93:3 95:1 85:4 193:2 19:93

60:92 5:81 �23:22 36:34 2:26 3:74 �:73 111:3 87:0 86:4 87:5 97:2 99:3 87:9 199:6 18:82

65:33 5:60 �22:88 34:95 2:36 3:67 �:71 115:4 88:1 87:6 89:9 100:4 102:6 90:2 203:6 18:52

70:39 5:94 �25:27 37:24 2:63 3:88 �:73 119:9 89:6 89:1 93:0 104:5 106:7 93:2 209:1 20:24

75:60 5:88 �24:97 36:86 2:86 3:90 �:73 124:5 91:4 90:7 96:4 108:6 111:0 96:4 213:6 20:04

81:21 5:82 �24:60 36:28 3:06 3:90 �:73 129:3 93:4 92:5 100:2 112:9 115:2 100:1 217:8 19:67

86:07 5:77 �24:27 35:85 3:20 3:91 �:73 133:3 95:3 94:4 103:7 116:6 119:1 103:5 221:1 19:36

90:18 5:70 �24:00 35:55 3:40 3:86 �:70 136:6 97:0 95:9 106:7 119:9 122:2 106:4 223:6 19:10

95:13 5:64 �23:67 35:14 3:46 3:79 �:66 140:4 99:1 98:0 110:3 123:6 126:1 110:0 226:5 18:79

105:20 :12 �1:04 :47 2:57 �:41 :03 144:1 102:5 101:4 118:3 128:8 127:3 116:3 205:7 3:09
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Table III. Concluded

�time FN FA MY MX MZ FY T2 T3 T4 T5 T6 T7 T8 Ttj ptj

Powered con�guration; Ar-Fr exhaust gas;M1= 6:02; R1= 7:26� 106=ft; � = 0:04�; T1 not reporting

0 0:17 0:02 0:45 0:41 0:26 �0:09 90:3 89:2 88:2 84:4 87:6 86:7 83:5 83:2 0:36

28:00 8:21 �13:98 104:61 1:27 2:75 1:14 99:5 90:6 89:4 86:3 91:1 93:2 85:3 184:4 17:82

34:27 8:79 �17:47 107:47 1:80 2:84 1:19 104:8 91:6 90:1 88:5 94:2 97:4 86:8 199:6 20:48

39:48 8:72 �17:13 107:01 2:05 2:91 1:23 109:8 92:7 90:9 91:3 97:4 101:4 88:9 208:1 20:17

43:58 8:57 �16:44 105:93 2:38 2:84 1:19 113:7 93:7 91:8 94:0 100:2 104:8 90:9 213:3 19:68

48:54 8:40 �15:28 104:49 2:44 2:84 1:20 118:4 95:1 93:0 97:6 103:7 108:7 93:8 218:0 18:53

53:70 8:70 �16:85 105:81 2:79 2:83 1:20 123:1 97:0 94:7 101:9 107:9 113:4 97:3 223:3 19:18

59:12 8:88 �18:19 106:55 2:99 2:88 1:23 128:2 99:6 97:0 106:7 112:7 119:4 101:5 229:3 20:51

63:77 8:78 �17:74 106:22 3:10 2:99 1:28 132:6 101:8 99:1 111:1 116:7 124:1 105:4 233:2 20:14

68:48 8:54 �16:43 104:73 3:38 2:99 1:28 136:8 104:0 101:4 115:7 121:0 128:7 109:6 236:5 19:25

73:04 8:38 �15:59 103:69 3:35 2:96 1:27 140:6 106:3 103:5 120:1 124:8 132:9 113:6 239:0 18:33

78:45 8:76 �18:09 105:59 3:58 2:82 1:20 145:0 109:2 106:3 125:3 129:6 138:3 118:7 243:0 19:75

83:16 8:85 �18:55 106:11 3:71 3:00 1:30 148:8 112:0 109:0 129:9 134:0 143:5 123:2 246:5 20:41

88:12 8:73 �18:05 105:63 3:96 2:89 1:24 152:7 114:8 111:8 134:7 138:3 148:2 128:0 249:5 19:98

93:23 8:64 �17:53 104:94 4:07 2:91 1:25 156:7 117:7 114:7 139:5 142:8 152:8 132:9 252:3 19:50

98:04 8:54 �17:00 104:51 4:05 2:88 1:24 160:2 120:4 117:5 144:0 146:8 157:0 137:6 254:6 19:08

103:15 8:45 �16:52 103:64 4:16 3:80 1:13 163:8 123:3 120:7 148:7 151:2 161:4 142:5 257:0 18:63

108:46 8:93 �18:90 105:91 4:36 2:90 1:25 167:6 126:3 124:1 153:5 155:9 166:5 147:6 260:3 20:30

113:57 8:84 �18:53 105:25 4:38 2:67 1:13 171:2 129:3 127:2 158:0 160:0 171:3 152:5 263:0 20:07

120:53 �:06 �1:79 :86 4:14 :21 �:09 174:3 132:0 130:6 164:4 163:8 171:0 158:4 251:1 5:02

124:94 :01 �1:78 1:02 2:66 :01 �:16 173:3 134:1 132:9 168:2 166:5 172:0 162:0 245:3 2:70

147:58 :03 �1:67 :93 1:54 �:54 �:27 167:8 145:4 144:8 181:7 174:5 180:2 177:3 221:7 3:58

152:94 :01 �1:61 1:03 1:64 �:61 �:31 167:0 147:3 146:9 183:7 175:5 181:5 179:9 220:2 3:61

Powered con�guration; Ar-Fr exhaust gas;M1= 6:03; R1= 7:28� 106=ft; � = 4:79�; T1 not reporting

0 0:11 �0:02 0:28 0:41 0:37 �0:08 101:8 104:1 103:2 97:5 99:1 98:0 94:9 94:4 0:40

36:42 28:41 �9:32 179:82 :39 3:25 1:25 109:8 105:9 104:5 100:3 102:1 105:2 96:8 198:6 16:49

52:30 29:24 �14:64 183:72 1:33 3:68 1:48 122:5 109:4 107:3 108:2 111:3 117:0 103:1 231:1 20:27

56:56 29:07 �13:92 183:00 1:50 3:77 1:53 126:2 110:7 108:5 111:3 114:3 120:5 105:7 236:0 19:65

60:37 28:80 �12:73 181:54 1:73 3:57 1:42 129:4 112:1 109:6 114:3 117:1 123:7 108:2 239:5 18:71

65:28 28:64 �12:03 180:65 2:00 3:63 1:46 133:4 113:8 111:3 118:5 120:9 127:7 111:8 243:5 18:01

69:73 29:08 �14:53 182:66 2:07 3:68 1:48 136:9 115:8 113:0 122:5 124:6 131:6 115:4 247:9 19:27

75:34 29:26 �16:19 183:79 2:25 3:75 1:52 141:4 118:8 115:8 127:9 129:7 137:5 120:4 254:1 21:01

80:25 29:05 �15:20 182:66 2:62 3:72 1:51 145:4 121:4 118:5 132:7 134:3 142:5 125:1 258:0 20:23

85:46 28:82 �14:17 181:48 2:89 3:58 1:44 149:4 124:0 121:2 137:8 138:9 147:1 130:0 261:3 19:36

90:22 28:66 �13:26 180:56 3:07 3:60 1:45 153:0 126:5 123:8 142:5 142:9 151:5 134:6 264:1 18:59

95:68 28:91 �14:91 181:77 3:16 3:64 1:47 157:0 129:6 126:7 147:9 147:6 156:6 139:9 267:7 19:51

101:04 28:97 �15:58 181:96 3:37 3:71 1:51 160:8 132:8 129:8 153:1 152:4 161:8 145:1 271:4 20:16

105:20 28:87 �15:19 181:32 3:71 3:46 1:39 163:8 135:3 132:4 157:1 156:0 165:7 149:2 273:8 19:85

110:06 28:77 �14:81 180:75 3:73 3:43 1:37 167:2 138:1 135:3 161:8 160:2 170:2 154:0 276:5 19:49

115:12 28:79 �14:76 181:01 3:87 3:41 1:36 170:6 141:1 138:3 166:5 164:4 174:6 158:9 279:1 19:37

119:98 28:79 �14:82 180:55 3:89 3:54 1:43 173:9 143:8 141:2 170:9 168:4 178:7 163:5 281:4 19:38

124:24 28:83 �14:94 180:85 4:00 3:45 1:39 176:6 146:2 143:7 174:7 171:8 182:4 167:4 283:5 19:41

138:42 �:08 �1:50 1:11 2:71 :44 �:21 181:2 153:0 151:4 187:5 180:0 184:8 179:4 264:6 2:53
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Table IV. Balance 2042 Zero Shifts

Zero shift, percent of full scale

R
1
; ft�1 �; deg FA MY FN

Unpowered con�guration

0:63� 106 �3:45 �2:4 0 0
:63� 106 �:04 0:7 :1

?
?

:57� 106 5:00 �0:9 0
?
?

1:18� 106 �:08 2:7 0

?
y

2:10� 106 �3:47 �4:0 0 �:1
2:09� 106 �:05 �1:7 �:1 0
2:12� 106 4:89 1:1 0 �:1
4:04� 106 �0:16 2:7

?
? 0

7:47� 106 �3:49 �3:9
?
? 0

7:40� 106 �:15 10:4
?
? �:2

7:43� 106 5:09 3:1

?
y

0

Powered con�guration; jet o�

0:56� 106 �0:18 0:1 0 0

:57� 106 4:90 �1:4 0 0

7:35� 106 �:04 �2:8 :1 �:1

7:45� 106 5:06 �2:4 �:2 0

Powered con�guration; cold air

0:61� 106 �0:12 1:8 0 0

:60� 106 4:99 �1:5 0 �:1

7:32� 106 :08 �1:7 0 �:2

7:36� 106 5:22 3:4 �:5 :2

Powered con�guration; hot air

0:61� 106 �0:07 �3:0 0 �:3

:60� 106 5:03 �3:5 0 0

7:39� 106 :06 �4:9 :2 �:2

7:38� 106 5:01 �7:0 0 �:2

Powered con�guration; Ar-Fr

0:59� 106 �0:03 �4:9 0 :1

:60� 106 5:09 �5:2 :1 0

7:26� 106 :04 �8:0 :3 �:2

7:29� 106 4:79 �7:4 :4 �:2
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Table V. Balance 2042 Wind-On Shifts in FA

R
1
; ft�1 �;deg Run time; sec Shift; percent of full scale

Unpowered

0:63� 106 �3:45 74 �0:5

:63� 106 �:04 80 �:3

:57� 106 5:00 84 �:4

1:18� 106 �:08 78 �:5

2:10� 106 �3:47 85 �1:2

2:09� 106 �:05 35 �1:4

2:12� 106 4:89 81 �:8

4:04� 106 �:16 111 �:3

7:47� 106 �3:49 110 �1:8

7:40� 106 �:15 107 �4:2

7:43� 106 5:09 111 �2:8

Powered; jet o�

0:55� 106 �0:18 55 �0:5

:57� 106 4:90 90 �:4

7:35� 106 �:04 81 (a)

7:45� 106 5:06 70 (a)

Powered; cold air

0:61� 106 �0:12 86 (b)

:60� 106 4:99 80 (b)

7:32� 106 :08 79 (b)

7:36� 106 5:22 85 (b)

Powered; hot air

0:61� 106 �0:07 90 (b)

:60� 106 5:03 90 (b)

7:39� 106 :06 90 (b)

7:38� 106 5:01 110 (b)

Powered; Ar-Fr

0:59� 106 �0:03 92 (b)

:60� 106 5:09 70 (b)

7:26� 106 :04 85 (b)

7:29� 106 4:79 88 (b)

aProblems with data acquisition preclude reporting wind-on axial-force

shift for these runs.
bAxial-force shifts during jet-on powered runs could not be established

because of oscillations.
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Figure 1. Simulant gas ow path for HAPCM-50 powered con�guration with ow-through balance.

Figure 2. Schematic of 20-Inch Mach 6 Wind Tunnel.

Figure 3. HAPCM-50 unpowered con�guration with ow-through balance.

L-89-10182

Figure 4. HAPCM-50 powered con�guration in 20-Inch Mach 6 Wind Tunnel.

Figure 5. Balance 2042 assembly drawing.

Figure 6. Details of balance 2042.

L-82-6676

Figure 7. Annular beams and axial strain gauge on balance 2042.

(a) Strain gauge and thermocouple locations.

Figure 8. Balance 2042 strain gauge circuit and thermocouple information. Circles denote gauges and
thermocouples on opposite end or side of balance.

(b) Wheatstone bridge strain gauge circuit diagrams.

Figure 8. Concluded.

Figure 9. Balance temperature time histories , unpowered con�guration. M1 = 6:01; R1 = 7:43� 106/ft;
� = 5:09�.

Figure 10. Force and moment time histories, unpowered con�guration. M1 = 6:01; R1 = 7:47� 106/ft;
� = �3:49�.

Figure 11. Balance temperature time histories, unpowered con�guration. M1 = 5:79; R1 = 0:57� 106/ft;
� = 5:00�.

Figure 12. Balance temperature time histories, powered con�guration, no exhaust ow. M1 = 5:82;
R1 = 0:56� 106/ft; � = �0:18�.

Figure 13. Balance temperature time histories, powered con�guration, no exhaust ow. M1 = 6:02;
R1 = 7:35� 106/ft; � = �0:04�.

Figure 14. Axial-force and balance temperature time histories, unpowered con�guration. M1 = 6:02;
R1 = 7:40� 106/ft; � = �0:15�.

Figure 15. Axial-force and temperature time histories, unpowered con�guration. M1 = 6:01;
R1 = 7:43� 106/ft; � = 5:09�.

Figure 16. Temperature time histories, powered con�guration, cold air. M1 = 5:79; R1 = 0:60� 106/ft;
� = 4:99�.

Figure 17. Temperature time histories, powered con�guration, hot air. M1 = 5:79; R1 = 0:60� 106/ft;
� = 5:03�.



Figure 18. Temperature time histories, powered con�guration, Ar-Fr. M1 = 5:79; R1 = 0:60� 106/ft;
� = 5:09�.

Figure 19. Force and moment time histories, powered con�guration, hot air. M1 = 6:01; R1 = 7:38� 106/ft;
� = 5:01�.

Figure 20. Axial-force and balance temperature time histories, powered con�guration, cold air. M1 = 6:02;
R1 = 7:32� 106/ft; � = 0:08�.

Figure 21. Axial-force and balance temperature time histories, powered con�guration, hot air. M1 = 6:01;
R1 = 7:39� 106/ft; � = 0:06�.

Figure 22. Axial-force and balance temperature time histories, powered con�guration, Ar-Fr. M1 = 6:02;
R1 = 7:26� 106/ft; � = 0:04�.
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